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Abstract 
 

Visual attention is an ability of the vision system to rapidly select the salient and relevant data/objects in 

a visual scene. The core objective of visual attention is to achieve the least possible amount of visual 

information to be processed to solve the high level complex tasks e.g. object recognition, which can 

lead the whole vision process to become efficient. 

 

This thesis is all about visual attention, starting from understanding the human visual system up till 

applying this mechanism to a real-world computer vision application. This has been achieved by taking  

advantage of the latest findings about human visual attention and the increased performance of 

computers. These two facts play a vital role in simulating the many different aspects of this visual 

behavior.  

 

In addition, the concept of bio-inspired visual-attention systems has become applicable due to the 

emergence of different interdisciplinary approaches to vision which has lead to a beneficial interaction 

between the scientists related to different fields. The problem of high complexities in computer vision 

leads researchers to consider the visual-attention paradigm becoming a part of real-time computer 

vision solutions. 

 

In this thesis work, different aspects of the visual attention paradigm have been dealt with, ranging from 

biological modeling to the real-world computer vision task implementation based on this visual 

behavior. The implementation of traffic signs detection and recognition system which benefits from this 

mechanism is the central part of this thesis work.    
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Chapter 1: Introduction 
 
Vision is one of the five senses of humans, in fact the most important one because 90% of the 

information which the human brain receives from the external environment is through vision. To 

interpret and then to interact with different objects in the surrounding environment is the main goal of 

human vision. The daily life capabilities of humans e.g. perceiving thousands of objects, identifying 

hundreds of faces, appreciating beauty, recognizing traffic signs etc. require only minimal effort. The 

carrying out of these tasks may appear simple but it proves the high degree of development of the  

human vision system. 

 

Computer Vision is a field of applied sciences whose main objective is to provide to computers those 

functions which are present in human vision. The typical computer-vision applications include robot 

navigation, medical imaging, video streaming, industrial quality control etc. Without any doubt, during 

the past decades, impressive progress has been made in this field, but nowadays the computer-vision 

applications depend heavily on the human visual system regarding their robustness and performance. 

The human-vision inspired computer-vision systems are promising alternatives as far as the robustness 

and performance of computer-vision solutions are concerned. If we think as researchers  in developing 

computer-vision applications, the question should be asked, and answered, what mechanisms are 

involved in human vision that make it easy for humans but difficult for computers [108]. 

 

Visual Attention is an ability of the vision systems to rapidly select the salient and relevant data/objects 

in a visual scene. The core objective of visual attention is to achieve the least possible amount of visual 

information to be processed to solve the high level complex tasks e.g. object recognition, which can 

lead the whole vision process to become efficient. This visual attention mechanism must be part of the 

answer to the question which has been asked above [84]. 

 

Model of Visual Attention is defined as the description of humans’ visual attention concerning their 

observed and/or predicted behavior. These models can be formed by means of mathematics, natural 

language, system block diagrams, algorithms or computations and used for the explanation and/or 

prediction of some or all of the visual attention behaviors. These models must be tested by means of all 

possible experiments, and these experiments should replicate not only with respect to their explanations 

regarding existing phenomena but to test their predictive validity as well [85].    

    

Computational Model of Visual Attention is defined as an instance of the visual attention model 

which provides the formal description for the computation of attention and which provides the testing 

of computed attention by means of image inputs, similar to those presented to a subject by the 

experimenter, and then seeing the comparison performed by the model [90]. 
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1.1  Thesis Motivation 
There is a consensus about the fact that it is possible to divide the human vision in two main phases: low 

level vision and high level vision [1]. It has been already established what the main role of each level is, 

but what is not yet clearly defined is the frontier between two phases.    

 

The process starts from the low level phase, where the visual information is gathered by the retinas at 

the rate of  bits per second [99]. In the next step, the information gathered is passed to the visual 

cortex, where this information is processed to extract the information about features like color, motion, 

orientation, depth and shape.  

 

Then these extracted features are transmitted to the high level vision where it performs its tasks. The 

main functionality of high level vision is to recognize the contents of a scene, which is done by means of 

matching the features of a representative scene to a large database which consists of learned and 

memorized objects.    

 

Despite the fact that human vision needs to process huge amounts of visual information and that  

recognition task is of combinatorial nature, there is an estimation that large numbers of objects can be 

recognized by humans in lesser time than 200 ms [2]. This astonishing performance of the human brain 

cannot be explained by means of given computation resources, since such an amount of information 

cannot be processed by approximately  neurons of human brain in such a short time while having 

such a slow rate of response. These facts concerning the high performance of the human brain reveal the 

high efficiency of the human vision system. 

 

The high performance of the human visual system can be explained by means of the existence of a 

mechanism, in which only the reduced set of information is considered for the high level processing, and 

that mechanism is called the visual attention [56]. Hence, the anatomical structure of the retina 

reinforces the hypothesis of the visual attention mechanism’s existence.   

 

The fact that photoreceptors are distributed in inhomogeneous fashion over the retina, leads to the 

perception that only a reduced part of the visual field is precisely sensed, whereas the remaining part of 

the visual field is perceived vaguely. Hence, it is necessary to shift the central part of the retina i.e. 

fovea, for the perception of the most informative parts of the visual field. Thus, the orientation of the 

fovea for the selection of informative parts of the visual scene is controlled by the visual attention 

mechanism.    

 

In the field of computer vision, the complexity of the computational tasks, which are referred as NP-

Complete, like object recognition and perceptual grouping, are known as the basic obstacles for the 

real-world applications. Thus, to overcome this complexity issue in computer-vision applications, the 

relevance of the visual-attention paradigm is highly accepted [56, 90].  

 

Indeed, we can say that the visual attention is a preprocessing step which allows the selection of a 

subset of available sensory information. Once the salient parts of a visual scene are detected, then the 

high level tasks of computer vision can focus on these specific scene locations.  
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1.2  Scope of Thesis 
This thesis is all about visual attention, starting from understanding the human visual system up then 

proceeding to applying this mechanism to a real-world computer-vision application. This has been 

achieved by taking the advantage of the latest findings about the human visual attention and the 

increased performance of computers. These two facts played a vital role in simulating the many different 

aspects of this visual behavior.  

 

In addition, the concept of bio-inspired visual attention systems have become applicable due to the 

emergence of different interdisciplinary approaches to vision which leads to a beneficial interaction 

between the scientists related to different fields. The problems of high complexities in computer vision 

lead us to consider the visual attention paradigm to become a part of real time computer vision 

solutions which are increasingly in demand.   

 

In this thesis work, different aspects of visual attention paradigm have been dealt with, ranging from the 

biological modeling to the real-world computer-vision tasks implementation based on this visual 

behavior. The traffic signs detection and recognition system benefiting from this mechanism is the 

central part of this thesis work.      

 

1.3  Main Contributions 
This thesis heavily relies on the previous research works as well as real-world implementations which 

report the remarkable findings about the biologically inspired visual attention. The main contributor to 

this thesis is the saliency-based model of visual attention which has been presented in [3, 90, 93], which 

actually is the starting point of the implementation phase.  

 

However, in our implementation of this model, only the color feature is used for the selection of most 

salient regions on an image visual scene whereas the intensity and orientation features have been 

ignored. The Itti’s implementation of the model has eased the task by providing the basic framework of 

the model along with the different research and implementation works related to the bottom-up visual 

attention done at ILab [3].    

 

1.4  Thesis Outline  
The structure of the thesis can be divided into two portions: 1)  literature review of visual attention and 

related computational models and 2) implementation of selective visual attention model which selects 

the most salient regions on the basis of color feature. 

 

Chapter 2 deals with the visual attention theory, which includes the human visual attention concepts for 

the better understanding of the  human visual attention mechanism. It also describes some works in the 

context of neurobiological correlates of visual attention and psychophysical theories related to the 

models of visual attention.  

 

Chapter 3 deals with the theories related to the implementation of visual attention in machines. It 

describes the different bio-inspired computational models of visual attention. It also presents works 

related to the different applications of visual attention in the field of computer vision.  

 

Chapter 4 is the detailed description of the saliency based model of visual attention which has been 

selected to be implemented in this thesis work. It describes in detail the different steps of the model 

which are required for the selection of salient locations and how feature, conspicuity, and saliency maps 

are computed in this process. It also throws light on different normalization strategies for map 

combinations.    
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Chapter 5 provides the implementation details of the selected model for the visual selective attention 

based object detection and recognition in visual scenes. It provides a detailed overview of the detection 

and recognition mechanisms for the salient regions in visual scenes. It also presents the application of 

Traffic Signs Detection and Recognition System. At the end, it presents the evaluation of the 

implemented system on the basis of the results produced by the system.  

 

Chapter 6 is the final chapter, which concludes the work done in this thesis and presents the challenging 

perspective of this thesis work.      
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Chapter 2: Visual Attention Theory 
 

2.1 Introduction 
This section reviews the fundamental concepts and background knowledge of human visual attention 

which is the basis for researchers to deal with the computational visual attention. First of all, in Section 

2.2.,we will explain how the human visual system works and then we will describe some concepts which 

are the basis for visual attention. Finally, we will briefly describe the neurobiological correlates of visual 

attention and the psychophysical theories and models for visual attention which are used as the basis  for  

most of the current computational models.  
 

2.2 Human Visual System 
In this section, we will try to develop the understanding about the human visual system in accordance 

with Figure 2.1. More detailed literature related to human visual system can be found in [5, 6, 7]. 

 

 
 

Figure 2.1: Visual areas and pathways in the human brain, reproduced from [132]. 

 

After light arrives at the eye, it projects to the retina then, via the optic nerve, visual information is 

transmitted to the optic chiasm. From here there are two pathways which go to each brain hemisphere: 

 The first one is called the collicular pathway which leads to the Superior Colliculus (SC). 

 The second one is called the retino-geniculate pathway which leads to the Lateral Geniculate 

Nucleus (LGN) and transforms almost 90% of the visual information. 

 

The LGN transforms the information to the primary visual cortex (V1). Up to this point, we also call 

the processing stream as primary visual pathway. During this pathway many simple computations are 

performed. Already there are cells in the retina which respond to color contrasts and orientations. The 

cells become more complex and combine results obtained from many previous cell outputs up through 

the pathway.  
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Then the information is transmitted to the higher brain areas from V1 to: 

a) V2-V4 which called infer temporal cortex (IT). 

b) V5 which called middle temporal area (MT). 

c) The posterior parietal cortex (PP).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Visual areas known connections in the cortex [6], permitted by the Author and Publisher. 

 

Although there are still many open questions concerning the V1[8, 9], in fact even less is known about 

the extra-striate areas. The finding that the ‘visual information processing is parallel but not serial’ is 

amongst the most important ones during last decades. Many authors claim that the extra-striate areas 

are separated functionally. [5, 6, 7, 10]. These areas are separated such that some of them process 

color, some process form and some process motion.   

 

The processing mainly leads to two different locations of the brain: 

1) The color and the form processing leads to the area which is responsible for the recognition of 

the objects called IT. This pathway is called the what pathway because IT is concerned that 

“what” objects are in the scene. It also called the P pathway or ventral stream because it is 

located on the ventral part of the body.   

2) The processing regarding the motion and the depth leads to the area called PP. This pathway is 

called the where pathway because PP is concerned “where” some object is in the scene. It is also 

called the M pathway or dorsal stream because it lies dorsally.  

 

2.3 Visual Attention Concepts 
In this section some of the core concepts regarding visual attention are discussed. It begins with 

defining visual attention, then introduces the concept of covert and overt attention, describes what the 

units of attention are, what bottom-up saliency is and what is top-down guidance. Then follows a 

detailed description of visual search and its efficiency, pop-out effects and search asymmetries. Finally 

the discussion regarding the neurobiological correlates of attention is presented.  
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2.3.1 Selective Visual Attention 

The visual attention concept refers to the fact that: “to perceive two objects co-instantaneously in the 

same sensory act is impossible” which was stated by Aristotle in [11]. It is usual to have the impression 

that the rich representation of our visual world is retained and that our attention is attracted by the large 

changes to our environment. Since, it has been revealed by various experiments that our ability to detect 

changes in our environment is highly overestimated. At each moment, only a small region of a scene is 

analyzed and that is the region which is being observed at that time. This is usually, but not always, the 

same region which is fixated by the eyes. The observer does not notice a significant change in the scene, 

which means for that change the observer is “blind” [12, 13].  

 

That people are able to automatically pay attention to the regions of interest in their surroundings and 

can scan a scene by rapidly changing the focus of attention, is the reason that people are still effective in 

everyday life. The selective attention is a mechanism which determines the order in which a scene is 

investigated. A definition is given in [14]: “Attention defines the mental ability to select stimuli, 

responses, memories, or thoughts that are behaviorally relevant among the many others that are 

behaviorally irrelevant”.  Other psychological phenomena e.g. the ability to remain alert for long periods 

of time, are also referred to by the term attention. However, in this thesis,  the term attention 

exclusively refers to perceptual selectivity.     
    

2.3.2 Covert versus Overt Attention 

The focus of attention is associated with the eye movements which direct it to the region of interest and 

that is called overt attention. However, this presents only one half of the story. Covert attention is a 

phenomenon which makes us able to pay attention to the peripheral locations of interest without the 

movement of our eyes. Von Helmholtz [15] described this phenomenon already in 19
th
 century: “I found 

myself able to choose in advance which part of the dark field off to the side of the constantly fixated 

pinhole I wanted to perceive by indirect vision”. We use this mechanism, for example, when we detect 

peripheral motion or when we suddenly recognize our name in some list.   

 

It is evident that we can perform  simple manipulation tasks without overt attention [16]. At the same 

time, cases where the covert attention doesn’t precede the eye movement are present. It has been found 

by Findlay and Gilchrist [17] that the covert attention was not able to scan the scene first: the tasks like 

reading, complex object search, and saccades (movement of both eyes in quick and simultaneous 

manner in the same direction [18]) were the experimental tasks to prove the point. Usually, the saccadic 

eye movement and covert attention work together in such a manner that a region of interest is directed 

by the focus of attention and that is followed by a saccade which fixates the region and also enables the 

higher resolution of the perception. In fact, covert and overt attention are not independent in the sense 

that it is impossible to pay attention to one location while eyes are directing to a different location [19].  

   

2.3.3 Unit of Attention 

The unit of attention means the target our focus of attention is directed on. The question regarding the 

unit of attention is whether we attend to spatial locations, features or objects. The majority of the 

studies, either in psychophysics or in neurobiology [20, 21, 22, 23], are based on the space-based 

attention which is referred to as the location-based attention. However, at the same time the feature-

based attention [24, 25, 26] and object-based attention [27, 28, 29, 30] are strongly evident.  Most of  

today’s researchers, according to [31, 32, 33], don’t believe that these theories are mutually exclusive 

but each of these theories, individually, can be considered as a candidate to deploy the visual attention 

upon them.  

At this point, it is also very important to mention that there are often more than one units of attention. 

Humans have the ability to pay attention to multiple regions of interest simultaneously, usually  between 
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4, 5 regions. This has been observed in both psychological [34, 35, 36] and neurobiological [37] 

experiments.   
    

2.3.4 Bottom-Up versus Top-Down Attention 

There are two types of factors that drive attention: 1) bottom-up factors 2) top-down factors [38]. The 

factors which are solely derived from the visual scene are called the bottom-up factors [39]. In bottom-

up attention, regions of interest which attract human attention are called salient regions/locations. The 

sufficient discriminance of the responsible features regarding this reaction with respect to the 

surrounding features must be present. The bottom-up attention is also called as exogenous, automatic, 

reflexive, or peripherally cued [40].  

 

However, the attention which is driven from the cognitive factor e.g. knowledge, current goals and 

expectations is called the top-down attention [41]. The top-down attention is also called as endogenous 

[20], voluntary [42], or centrally cued attention. We can find many examples of this kind of intuitive 

attention: car drivers see the petrol stations in some street or cyclists look for the cycle tracks. If 

somebody is looking for a blue highlighter on a desk, the regions that will attract the gaze more readily 

than the other regions will be the yellow ones.  

 

Researchers have already shown that the human eye movement is dependent on the current task [43]. 

There exists a considerable difference in eye movements for the same scene for different people with 

different tasks. The visual attention is also influenced by the visual context in a top-down manner such 

as gist (semantic category) or spatial layout for objects. The researchers have presented many examples 

of experiments in which the targets were detected more efficiently and quickly when they appeared in 

learned configurations [44].    

 

The cueing experiments are often used to investigate the top-down influences in psychophysics. In such 

kind of experiments, the attention is directed towards the target by a “cue”. The characteristics of cues 

may differ; they may give indication that where the target object will be, for example the central arrow 

pointing towards the direction of target object [20, 45], or what the target object will be, for example 

the cue is either the (exact or similar) picture of the target object or a word (or sentence) describing the 

target (“search for green, horizontal line”) [46, 47].  

 

The trials in which the target appear at the cued location have typically better performance in detecting 

the target than the trials in which the target is presented in an un-cued location and this phenomena is 

called the Posner cueing paradigm [20]. If the cue matches the target, it speeds up the search process 

and if the cue is invalid then it slows down the search. The search speed slows down as deviations from 

the exact match increase, but if we compare with the semantic cue or neutral cue they still lead to faster 

speed [46, 47]. In neurons, when a stimulus matches a feature of the target in their receptive field, they 

give enhanced responses; hence these findings are supported by the recent physiological evidence from 

the monkey experiments [48].     

 

It has been indicated by the evidence from the neuro-physiological studies that there is an association 

between the two independent but interacting brain areas and the two attentional mechanisms [41]. Both 

mechanisms interact during the normal human perception. The voluntary suppression of the bottom-up 

influence is not possible: the region with the highest saliency “captures” the attentional focus regardless 

of the task [49]. As an example, you would probably stop  reading this article if an alarm bell was rung, 

no matter how much you were engrossed in the text. This effect is known as attentional capture. These 

findings are supported by the neural evidence from monkey experiments in [50]. However, the frequent 

occurrence of the attentional capture is definitely a strong effect; the fact that the bottom-up effects can 

be overridden completely is also evidence in some cases [51].     
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The investigations of bottom-up mechanism attention are more thorough than the investigations of top-

down mechanism. A reason for this could be that it is easier to control the data driven stimuli than the 

cognitive factors like expectations and knowledge. In the case of interaction between the two processes, 

even less is known.   

 

2.3.5 Visual Search and Pop-out Effect 

Visual search is an important tool in research regarding visual attention [45, 52, 54]. In visual search, 

the general question is: given a target to find and a test image to find the target, does there exist any 

instant of the target in the test image? In our daily life, all the time we perform visual searches. To find a 

lost friend in a crowd is an example of a visual search task. The complexity of the unbounded visual 

search problem is proven and it is unsolvable in acceptable time in practice [55, 56]. On the other hand, 

the bounded visual search (in which the target is known explicitly in advance) is possible to perform in 

linear time. It has been reported in psychological experiments that the search time complexity of the 

visual search with known targets is linear but not exponential. Thus it is strongly suggested by the 

computational nature of the problem that the role of attentional top-down influences is vital during the 

search.    

 

The efficiency of the visual search is measured by the help of reaction time (RT) in psychophysical 

experiments.  The reaction time, also referred as response time, is the time needed by the subject to 

detect the target among the elements which differ from the target or by the search accuracy.  

 

In order to measure the RT, the detail of the target has to be reported by a subject, or one button has to 

be pressed by the subject, if it detects the target. If the subject does not find the target in the scene then 

they press the button once more to try to detect the target again. The function of set size represents the 

RT, where the set size refers to the number of elements in the display. The slopes and the intercepts to 

these RT × set size functions determine the search efficiency of the elements.  

 

The efficiency of the searches vary: the smaller slope of the function and the lower value on the y-axis 

provides the more efficient search. So we can say there are two extremes of search, one is serial search 

and the other is parallel search. The serial search provides the increase in the reaction time when the 

number of distracters grow. On the other hand, the parallel search provides the almost zero slope which 

means that when the number of distracters grow, the reaction time does not vary significantly and it 

finds the target immediately without performing several shifts of attention. Wolfe [53] indicates in his 

experiments that there should not be the distinct groups (“parallel” and “serial”) for the visual search 

studies because the increase is continuum in reaction time. Instead he suggested in his studies to 

describe them as “efficient” and “inefficient”. This case allows using the expressions like “quite 

efficient”, “very efficient” or “more efficient than”.  

 

A long time ago, the concept regarding the efficient search was discovered. It had been already found 

that “some of the particular properties which compose the forms of visible objects, appear at that 

moment when the sight glances at that object, when the other properties appear after the process of 

contemplation and scrutiny” by Ibn Al-Haythan in 11
th
 century (Translated in English: [57]). Nowadays 

this affect is known as the pop-out effect, in accordance with the subjective impression that the target 

grabs the attention by leaping out of the display. The term “odd-man-out scenes” is also used sometimes 

for scenes with pop-out effects. It happens often, but not always, that an efficient search is accompanied 

by pop-out [58]. Usually it is the homogeneous kind of distracters which make the pop-out effects 

occur, e.g. the target is of a red color and the distracters are of green. Instead, the “odd-man-out 

scenes” will provide the efficient search with no pop-out effects if distracters are of green and yellow 

color.   
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In the search tasks where the target definition consists of several features, then the result is usually a 

less efficient search, which is called a conjunction search task or conjunctive search. However, the 

experiments decide the steepness of the slope; there are some search tasks as well where the efficiency 

of the conjunction search is quite impressive [52, 53]. While RT measure are simple to perform 

experimentally, they don’t provide sufficient answers to all the questions about which visual search is 

concerned. It provides the information about the completion of the search but does not tell anything 

about the search process itself. So neither spatial information, “information that where does the subject 

looks while search in process and the number of saccades preformed”, nor the temporal information, 

“information about the fixation duration for each part”, can be measured. According to the researchers 

in [59], to determine the search efficiency, eye movement is more suitable to provide such methods by 

means of the measuring accuracy.          

 

A brief presentation of search stimulus is provided which is followed by a mask responsible for 

terminating the search. The term stimulus onset asynchrony (SOA) is defined as the time between the 

stimulus onset and the mask. The variation in SOA happens and the plotting of accuracy is done by 

means of a function of SOA [52]. Even the short SOAs provide an efficient search of easy search tasks, 

whereas the longer SOAs are required for the harder search tasks. These accuracy results can be 

predicted by a single stage Signal Detection Theory (SDT) model in terms of the probability of the 

correct detection of the target’s presence or absence [60, 61]. Finally the eccentricity effect is a concept 

which provides the retina’s physical layout with low resolution in the periphery and high resolution in 

the center. It makes it difficult to detect the targets which exist at peripheral locations. The increasing 

distance from the center provides the increased reaction time and errors [62].      

 

Various experiments regarding visual search have been carried out and several settings are designed to 

discover the features enabling efficient visual search and features which do not enable efficient visual 

search. There are some interesting examples e.g. searching for the number among the letters, searching 

for the mirrored letters among the normal letters, and searching for the face of a difference race among 

the faces belonging to the same race [63] as the subject of tests. To study the basic features, also 

referred as primitive features/attributes, of human perception is one purpose on the basis of which these 

experiments are practiced. These features are processed early and pre-attentively both in the guided 

visual search and human brain.     

 

There are some features which are unconvincing but still very much possible such as letter identity, 

novelty and alphanumeric category. Finally, there are some features which probably are not basic ones 

e.g. intersection, color change, optic flow, faces, three dimensional volumes, semantic categories and 

names. However, the listing above cannot be claimed to be exhaustive, but just gives an overview of the 

current state of the research. There is an interesting effect in visual search tasks which is called search 

asymmetric. The search asymmetric means that the different results will be produced between the 

different search criteria “search for stimulus A among distracters B” and “search for stimulus B among 

distracters A”. The example that “to find the tilted line among vertical distracters is an easier task to 

achieve than its vice versa” is a relevant example. Treisman and Gormican proposed an explanation: 

they claimed that to find the deviations among canonical stimuli is an easier task than vice versa [64]. In 

a situation where the vertical is a canonical stimulus, then the tilted line may be detected fast since it is a 

deviation.  

 

Therefore, to determine the canonical stimuli of the visual processing is possible by investigating the 

search asymmetries and it can be identical to the feature detectors. Let us consider the example of 

Treisman who suggests that the canonical stimuli for the color are green, red, yellow and blue; that the 

orientation stimuli are horizontal, vertical and right and left diagonal and that for the luminance stimuli 
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the separate detector for lighter and darker contrasts exist [65]. While building the computational model 

of visual attention the significant interest is: if it is known about the human brain what feature detectors 

exist there, then to focus on the computation of these features might be adequate. However, the 

evidence about the search asymmetries should be accepted very carefully.    

 

2.3.6 Neurobiological Correlates of Visual Attention 

The problem of the selective attention mechanism in human brains is still an open debate for the 

researchers in the field of perception. The outcome that there is not a single brain area which guides the 

attention is the most prominent finding of neuro-physiological researchers regarding visual attention, 

but it has appeared that the neural correlates of visual attention reflect in almost all the areas of the 

brain which are associated with visual processing [66]. There has been a indication from new findings 

that the brain areas share the information processing from the different senses and there is growing 

evidence that large parts of the cortex are multisensory (67].  

 

The network of anatomical areas carries out the attentional mechanisms [41]. The important areas 

regarding this network are a) posterior parietal cortex (PP), b) superior colliculus (SC), c) frontal eye 

field (FEF), d) lateral intra-parietal area (LIP) and e) pulvinar. Hence, there are different opinions about 

the question about which area performs which task. We will review the several findings regarding this 

issue here. 

 

The three major functions concerning the attention are described by Posner and Petersen in [68] as: 1
st
 

orienting of attention, 2
nd

 target detection and 3
rd

 alertness. They claimed that when the 1
st
 function 

occurs, which is orienting of attention to a salient stimulus, then the three areas interact to carry it out: 

1) the PP, 2) the SC and 3) the pulvinar. The disengaging of focus of attention from its present location 

(return inhibition) is the responsibility of the PP, the SC is responsible for shifting the attention to a new 

location, and the specialization of the pulnivar is to read out the data from the indexed location. This 

combination of systems is called the posterior attention system by Posner and Petersen. The detection 

of a target, which is the second attentional function, is carried out by the anterior attention system. The 

authors claimed that in this task, the anterior cingulated gyrus which resides in the frontal part of brain 

is involved. Finally, they state that to carry out the alertness function against the high priority signals 

depends on the activity which is held in the locus coeruleus called the norepinephrine system (NE).  

 

The FEF and the SC are the brain areas which are involved in guiding the eye movements. It is evident 

that in the parietal and frontal cortex, a network of areas may be derived by the top-down biasing 

signals source. These areas include the FEF and supplementary eye field (SEF), the superior parietal 

lobule (SPL), and less consistently, the lateral prefrontal cortex in middle frontal gyrus (MFG) region, 

areas in the inferior parietal lobule (IPL) and the anterior cingulated cortex [69]. It has been found that 

there are transient responses to a cue in the occipital lobe (MT+ and fusiform) and that the dorsal 

posterior cortex sustains more responses along the intraparietal sulcus (IPs) and near to the putative 

human homologue of FEFs in the frontal cortex, by Corbetta and Shulman. V4 is the place where the 

interaction between top-down and bottom-up cues takes place, according to Ogawa and Komatsu [50].   

 

To conclude, instead of a single brain area, there is a network of brain areas that interact with each 

other to control the attention. At the current time, it has been verified that several areas are involved in 

the attentional process but it is still an open question about what task is performed by each area and 

what the behavior of each area is and how they interact with each other in the attentional process.  
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2.4 Psychophysical Theories and Models of Attention 
 Psychology is a field which holds a wide variety of visual attention related theories and models. The 

object of these theories and models is to give the better explanation for the better understanding of 

human perception. In this section, the most influential theories and models for the computational 

attention system are introduced [70].    

 

2.4.1 Feature Integration Theory 

In the field of visual attention, the Feature Integration Theory (FIT) is one of the most influential 

theories, introduced by Treisman [24]. This theory was introduced first in 1980, but with the passage of 

time it has been steadily modified and adapted according to current research findings. While referring to 

FIT, we have to be careful because some of its older findings regarding the dichotomy between the 

parallel and serial search are now believed to be invalid. Triesman has provided a review of the theory in 

[65].  

 

The FIT claims that “it ensures the early, automatic and parallel registration of different features across 

the visual field, while the identification of objects is done separately and at the later stage only, where 

the focused attention is required” [24]. This results in feature maps and the information from these 

feature maps is collected by the master map of location. Feature maps are topographical maps which 

perform the highlighting of conspicuities in accordance to their respective features. The master map of 

location specifies where the things are in the display, but doesn’t tell anything about what they are. This 

map focuses the attention on the regions selected in the scene through scanning serially and provides 

this data to accomplish the tasks for higher perception.    

 

It has been mentioned by Treisman, that the more the features differentiate the target from the 

distracters the easier is to search for a target. However, the target with no unique features differs from 

the distracters only in the manner in how the features are combined, so the search becomes more 

difficult and in this case focused attention (conjunctive search) is required often. This usually results in 

longer times for searches. However, the conjunction search can sometimes be accomplished rapidly if 

the target’s features are known in advance. Treisman proposed to do this by discarding the feature maps 

which code the features of non-targets.   

 

Additionally, the so called object files have been introduced by Treisman. These object files are the 

“temporary episodic representation of objects”. One object file collects the sensory information which 

has been received so for about the object. The objects can be identified and classified by matching this 

information to the so stored descriptions [71].   
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Figure 2.3: Model of Feature Integration Theory (FIT) [64], permitted by the Author. 

 

2.4.2 Guided Search Model 

The Guided Search Model introduced by Wolfe is another influential work for the computational visual 

attention systems. This model originally came into existence as the reply to some criticism of FIT’s early 

versions. Over the passage of time, the competition between the Treisman’s and Wolfe’s work arose, 

which resulted in improvements of the model versions. The explanation and prediction of the results of 

visual search experiments is the basic goal of the model. A computer simulation for the model is 

available as well [58, 72].  
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Figure 2.4: Guided Search Model [58], permitted by the Author and Publisher. 

 

Over the years, the model has been further developed and improved continuously as Treisman’s work. 

Wolfe has denoted the successive version of his guided search model by following the conventional 

numbered software upgrades as Guided Search 1.0 [75], Guided Search 2.0 [58], Guided Search 3.0 

[76] and Guided Search 4.0 [73, 74]. The best elaborated description of the Guided Search Model is the 

version 2.0, so this thesis will focus on it. Version 3.0 and 4.0 come with the changes of minor 

importance. For example, 3.0 includes the eye movement in the model and 4.0 gives the implementation 

of memory for the items visited previously and improved locations.   

 

The Guided Search Model’s architecture is depicted in Figure 2.4. Many concepts are common between 

this search model and FIT, but it provides more detail about the several aspects which are necessary for 

the implementation in computers. The interesting fact about the Guided Search Model is that it 

considers the influence of the top-down information to distinguish the target best from its distracter by 

selecting the feature type, in addition to the bottom-up saliency.  

 

2.4.3 Other Theories and Models 

On visual attention, there exists a wide variety of psychophysical models besides these approaches. The 

zoom lens model has been introduced by Eriksen and St. James [21]. In this model, it is possible to 

manipulate the spatial extent of the attentional focus by pre-cueing. The varying size of the spotlight is 

used to investigate the scene in this model. There are many models which can be categorized as the 

connectionist models, which means the models which are based on neural networks. Large numbers of 

processing units are used to compose them, these processing units being connected by the excitatory or 

inhibitory links. The presented examples are dynamic routing circuit [77], and models MORSEL [78], 

SLAM (SeLective Attention Model) [79], SAIM (Selective Attention for Identification Model) [81] 

and SERR (SEarch via Recursive Rejection) [80]. 

 

The CODE Theory of Visual Attention (CTVA) is a formal mathematical model presented by Logan 

[82]. The CTVA integrates the two theories: Theory of Visual Attention (TVA) [84] and COntour 

DEtector (CODE) for perceptual grouping [83]. The race model of selection is one on which the theory 

is based. These models accomplish the parallel processing of a scene and element that finishes the 

processing first is selected (winner of the race). That provides the faster processing of the target than 
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the distracters in the scene. Bundesen has provided the newer work carried out concerning the CTVA in 

[85].    
 

The signal detection theory (SDT) provides the base for another type of psychological models. The 

SDT is a method which is used to measure the search accuracy by providing the quantifiable ability of 

distinguishing between the signal and noise [86, 87]. In a search task, the target is considered as the 

signal plus noise and the distracters are noise. The brief presentation of one or several search displays is 

carried out and masked afterwards in a SDT experiment. In different trials, there is a random variation 

in the order of presentation. By determining that how well the distinguishing of a target from distracters 

can be achieved, the performance can be measured. The performance degradation is done by using the 

SDT model with increasing the set size.     

 

The triadic architecture is an interesting theoretical model which has been introduced by Rensink [88]. 

This model consists of three parts: 1) the proto-objects produced by a low-level vision system in rapid 

and parallel manner. 2) The formation of these structures into the stable object representations is 

accomplished by a limited-capacity attentional system. 3) In the last stage, the setting information is 

provided by the non-attentional system. As an example, on the gist: a scene’s abstract meaning, e.g. 

river scene, beach scene etc. and on the layout: spatial arrangements of a scene’s objects. The 

attentional system has been influenced by this information, for example, ignoring the sky region and 

restricting the search for a person on a beach scene’s sand region.   

 

2.5 Chapter Summary 
This chapter firstly presents a brief overview of the human visual system, which is the basis for all the 

visual attention concepts and theories. This chapter further presents how the different areas of the 

human brain interact with each other to perceive the extracted information from their surrounding 

environment. Then the basic concepts of visual attention have been presented. These provide the basis 

for implementing the human visual system to computer vision which includes selective visual attention, 

convert versus overt attention, the unit of attention, bottom-up versus top-down attention, visual search 

and pop-out effect, and the neurobiological correlates of visual attention. At the end, the well known 

psychophysical theories and models of attention have been presented. 
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Chapter 3: Computational Models of Visual Attention 
 

3.1 Introduction 
Computational models of visual attention can be referred as an instance of visual attention model which 

provides the formal description for the computation of attention and which provides the testing of 

computed attention by means of image inputs, similar to those presented to a subject by the 

experimenter, and then seeing the comparison performed by the model [90]. This chapter focuses on the 

review of well know computational models of visual attention in the context of computer vision and 

also provides some of their applications.  

 

3.2 Visual Attention in Machines 
Because of the involving combinations aspect of numerous problems in computer vision, there is 

fundamental importance of the selection of a minimal reduced set of sensory information available to be 

processed further for the mastering of complexity issue in the computer vision [89, 90]. The research 

work made regarding the human visual attention mechanism and the findings of these researches have 

helped in simulating the computational modeling and implementation of human visual attention 

mechanism.      

 

3.2.1 Bio-inspired Computational Models of Attention 

Visual attention in machines has been achieved by developing the models which are inspired by the 

human visual attention. There are several number of computational models of visual attention which 

have been developed by taking the inspiration from the work done by Treisman and colleagues [91, 64], 

which we have discussed in previous sections. In the following sections, discussion about some of these 

models has been made.  

 

3.2.1.1 Saliency-based Model of Koch and Ullman 

One of the most popularly used computational models has been presented by the Koch and Ullman in 

[92] and which has discussed in detail in Chapter 4. The model is obviously bio-inspired, data driven 

and bound to provide bottom-up computations. This means that the model only considers the image 

data to accomplish the attentional shifts. Figure 3.1 illustrates the three main principles on which this 

model relies. 

 

 A unique scalar map must represent the saliency of the locations over entire visual field; this 

map is called the saliency map. The saliency map corresponds to the feature integrations 

theory’s master location map.   

 The surrounding context strongly influences the saliency of the scene locations.  

 There are two suitable mechanism 1) Winner Take All (WTA) 2) Inhibition of return, which 

allow the deployment of attention over the visual field.  

 

The model starts the process by extracting a set of scene features e.g. color, orientation, motion etc in a 

parallel manner. Then the lateral inhibition mechanism is used to compute the conspicuity maps for the 

each considered feature in a parallel manner always. In result of this, each conspicuity map highlights 

the visual scene parts that differ strongly from their surroundings, with the accordance of their 

corresponding feature. It is suitable to use the multi-scale center-surround filters for the implementation 

of conspicuity transformation, suggested by Koch and Ullman. 

In the next step, different conspicuity maps are merged in one map of attention which is called as the 

saliency map. The saliency map, with respect to all considered features, accomplishes the topographical 

encoding for the location saliency over the entire scene.  
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Figure 3.1: Saliency-based Model of Visual Attention [93], © 1998 IEEE. 

 

After computing the saliency map for a visual scene, then next step is to find the most salient locations 

in the scene. For this purpose, the Focus of Attention (FOA) network is generally implemented by using 

the Winner Take All (WTA) mechanism, which allows the selection of the most salient locations in a 

visual scene.  

 

3.2.1.2 Related Models 

There are several computational models of visual attention which have been derived from the Koch and 

Ullman model of visual attention. Chapman made the first attempt to implement Koch and Ullman’s 

proposed model in [94]. In that implementation, the intention of Chapman was to reproduce the results 

of visual search which had been reported by Treisman in [64]. The first step of Chapman’s 

implementation is to compute a set of feature maps the same as in the saliency-based model. In the 

second step, to mark the relevant locations, the transformation of each feature map into the binary 

activation map is accomplished. This transformation is based on the threshold but not the lateral 

inhibition, unlike the saliency-based model. There are two working models proposed by Chapman at this 
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stage of the model: 1) the first model simulates the parallel search (for the pop-out stimuli), 2) the 

second model simulates the serial search (for the conjunction stimuli). The implementation of parallel 

search has been achieved by combining all stimuli at the activation map related to the feature uniquely 

discriminating the target. A serial examination of the items is necessary for the conjunction stimuli. In 

order to serially examine the reduced number of items for the conjunction criteria, a suitable hierarchical 

examination of stimuli and their corresponding features has been proposed by Chapman. 

 

Visual attention through the selective tuning is obviously inspired by the ideas proposed by Koch and 

Ullman as reported in [95, 96, 97]. But the computation of a saliency map is not covered by the model. 

The purpose of the authors is to develop a Winner-Take-All mechanism with consistency by supposing 

that such  a map already exists. The pyramidal representation of the saliency map has been achieved by 

introducing the concept of a processing hierarchy. By the weighted sum of the certain neighbors from 

each underlying layer, elements have been computed at each layer of the hierarchy. A beam, at the 

highest level of the pyramid, with a certain radius has been projected around the winner location and it 

expands by traversing the hierarchy. The beam is routed to the next level of hierarchy by activating the 

WTA mechanism at each level of hierarchy. Then at the lowest level of the hierarchy, the global winner 

is determined (see Figure 3.2). 

 
Figure 3.2: Selective Tuning Model [95], permitted by the Author. 

 

The other authors have seen the model as the consistent WTA mechanism implementation rather than 

the complete implementation of visual attention system; this is because there is no implementation of the 

saliency map in the implementation [98, 99]. 

 

The first person who investigated the full implementation of the visual attention model introduced by 

Koch and Ullman is Milanese. He discussed the implementation of all steps of the model thoroughly in 

hi PHD thesis work [100]. In the first step,  Milanese extracted the feature maps with the accordance of 

color, intensity and orientation features of a color input image. In the second step, he used the center-

surround mechanism for the transformation of each feature map into the conspicuity map for the 

discrimination of outstanding regions related to each specific feature. For the implementation of multi-

scale conspicuity transformation, Milanese used the Difference of Oriented Gaussian (DoOrG) filters. In 

the final step, after a non-linear relaxation process [101], the final saliency map is achieved by 
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integrating the conspicuity maps. However, the model doesn’t use the WTA mechanism for the 

selection of the most salient locations of a visual scene.   

 

The computational complexity is the major drawback of Milanese’s proposed model. The reason for 

computational complexity is because of the way the concept is implemented but not the basic 

conception of the model. Indeed, it is noticed that Milanese was unable to take advantage of the multi-

resolution representation of feature maps for the implementation of multi-scale conspicuity 

transformation. Instead, he chose to apply the variable sized filter bank on images with fixed sizes. In a 

study related to the comparison of  the implementations of the model by Milanese and Itti (colleague of 

Koch at Clatech), it has been concluded that Itti’s implementation is 1000 times faster and more 

efficient than Milanese’s implementation, since Itti used the multi-resolution concept in his 

implementation of the same model.  

 

The multi-resolution implementation of the saliency-based model of visual attention, which has been 

reported by Itti in [93], will be discussed in detail in coming Chapter 4. We have adopted this 

implementation of the saliency-based model in our thesis, due to its completeness and efficiency.     

 

3.2.1.3 Other Models 

The models which have similarities relating implementation with the saliency-based model of Koch and 

Ullman have been reported in previous section. However, the computational modeling of visual 

attention has been dealt in some other works in this field. For example, there is a model which 

implements both the bottom-up and top-down mechanisms for the selection of interesting objects of 

scenes, called VISIT referred to as a connectionist model of visual attention [102].   

 

There is another example, the Guided Search Model [58, 72], in which the image based stimuli and the 

task dependent knowledge are integrated in an overall activation map, corresponding to the saliency 

map. In a research work in [103], there has been reported a very similar model of visual attention 

implemented with top-down component.   

 

The computational model which simulates the shifter circuits theory [104] has been presented by 

Olshausen. The shifter circuit theory refers to the segregation of interested objects and corresponding 

visual information routing to the visual cortex’s higher stage.     

 

Another model of visual attention is proposed in recent research work by Privitera and Stark [105], 

which adopts the internal parameters (used features, feature weights,…) for the type of the image which 

is being analyzed. The reproduction of the human scan path by the computational models was the 

purpose of the work.     

 

The papers [100] and [106] present a more precise review about the existing models for the 

computation of visual attention.   

 

3.2.2 Visual Attention Applications in Computer Vision 

The use of the visual attention mechanism in computer vision applications is to develop the 

computational models of visual attention. The realization of these models by using the standard 

computer vision techniques and the need to accomplish efficient real time computer vision tasks, makes 

researchers interested to integrate this mechanism into their computer vision applications. Then the 

importance and relevance of applying the visual attention in computer vision has increased because it 

has emerged as an active and purposeful field [4, 3]. There are several applications e.g. object 
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recognition, robot navigation etc. which take benefit from the visual attention paradigm while 

considering it a component of computer vision applications.   

 

3.2.2.1 Object Recognition 

The computer vision application of object recognition is to find a specific given object in a static 

(image) or dynamic environment (video). When applying a model to achieve this goal, the main problem 

is to find the correspondences between the image and the features of the model. The application of the 

visual attention paradigm while accomplishing the object recognition task reduces the amount of image 

data to be processed to achieve the task.   

 

The work, in which the visual attention module has been integrated with the object recognition system, 

presented in [109] is among the earliest works in this field. The Multiple Object Recognition and 

attentional SELection (MORSEL) model is referred to as the connectionist system which has been 

conceived to recognize the 2D object in an image scene. The results presented in [109, 110] are mostly 

achieved by using letters and words.   

 

 
Figure 3.3: Attentive Object Recognition, reproduced from [4]. 

 

Another work, in which the visual attention module has been integrated with the character recognition, 

has been reported in [111] and an extension of this work has been presented in [112]. There are three 

levels of which the system is composed: 1) Attentive Level 2) Intermediate Level 3) Associative Level. 

The first module is similar to Koch and Ullman’s model in its structure. The simple features are used to 

compute the saliency map, and then the most informative parts of an image scene are detected by the 

WTA network. This information is then passed to the intermediate module, where the content of each 

selected part of the image is analyzed. In the last step, the information about all selected locations is 
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combined by the associative module for the recognition of the objects in an image. Initially, the purpose 

for which the system was developed was character recognition, but it was extended for face recognition 

later.         

 

In a recent work in [113], the integration of the saliency-based model of visual attention with the object 

recognition system has been achieved. The aim behind the development of the attention module was to 

provide the first order approximation to the recognition system, related to the location and extent of the 

image regions which are most salient. This facilitates the recognition system in such a way that there is 

no need to interpret the entire scene, but to focus only on the image scene parts provided by the visual 

attention module previously. It has been noticed that the object recognition module HMAX presented in 

[114], is used as the mediator for object recognition in cortex. The figure 3.3 illustrates the schematic 

description of the complete system.     

 

3.2.2.2 Active Vision Systems 

The active observer has been defined by Aloimonos in [107], as an observer that has the capability to be 

engaged in such activities that have a purpose to control its sensory apparatus’s geometric parameters. 

The pan and tilt parameters of a camera should be controlled by a module, thus this module should be 

part of an active computer vision system e.g. a gaze control module. It has been recognized that the 

visual attention paradigm is a powerful tool for the guidance of the movements of a camera.     

 

 Clark and Ferrier are among those who made the earliest attempts to achieve the use of visual attention 

system in an active vision system as a gaze control mechanism [115]. They used a binocular camera 

head on which the system was developed; the parameters (pan, tilt and vergence) of the camera head 

were controlled dynamically in real time. The system independently performs the pursuit task and 

saccade generation task. The saccade generation task is the responsibility of the visual attention, which 

extracts the feature maps by using the learned templates of the environment. It is task-independent to 

integrate the different features with an attention map, since each feature type is assigned the learned 

weights. The next oriented location of the camera head is determined by the activities of the attention 

map. 

 

The group of Eklundh, from KTH Stockholm, has developed a similar active system [116] in which, the 

gaze control mechanism uses a visual attention model based on two main features: 1) depth, 2) motion 

[92, 93]. Two functioning modes have been implemented as in Clark and Ferrier’s system: 1) the pursuit 

mode which tracks the objects which are already selected 2) the saccade mode which shifts the attention 

to another newly entered moving object in the visual field. In IMA lab of University of Hamburg, they 

have carried out a more recent, more complete work, which integrates the visual attention with an 

active vision system [117, 118]. We can roughly divide the complete system NAVIS (Neural Active 

VISion) into two components: 1) the attention component, 2) the camera control component. The 

color, edge symmetry and region eccentricity are the features around which the attention module is 

built. These features, combined with the top-down information related to the environment, are used to 

achieve the master attention map. After the selection of the salient locations, they are transferred to the 

camera control module to achieve the gaze shift to those salient locations. The overview of the NAVIS 

active vision system is illustrated in Figure 3.4. 

 

There are several other works in which researchers have used the visual attention in some other active 

vision systems, mostly to help in navigating the mobile robots in certain known or unknown 

environments. A few of them can be cited in [119, 120, 121].           

 

 



Chapter 3 COMPUTATIONAL MODELS OF VISUAL ATTENTION 

 

        24 
 

 

 

Figure 3.4: NAVIS System Overview [118], © 2001 IEEE. 

 

3.3 Chapter Summary 
This chapter presents the well known bio-inspired computational models of visual attention in the 

context of visual attention applications in machines. The saliency-based model of Koch and Ullman is 

presented as the basis of these models and then all the related models have been presented. Some other 

bio-inspired models, which are not inspired by Koch and Ullman’s model, have been presented as well. 

At the end of the chapter, the applications of visual attention in the field of computer vision have been 

presented. These include applications like object recognition and active vision systems.  
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Chapter 4: Saliency-based Model of Visual Attention 
 

4.1 Chapter Introduction 
This chapter elaborates the computational model for visual attention selected for implementation in this 

thesis work, named the saliency-based model of visual attention, presented by Koch and Ullman in 

[92].  

 

The model is based on four major principles: 

 Visual attention acts on a multi-featured input. 

 Saliency of locations is influenced by surrounding context. 

 The saliency of locations is represented on a scalar map. 

 The winner-take-all and inhibition of return are suitable mechanisms to allow attention shift. 

 

The complete implementation of the saliency-based model is provided by Itti. In this chapter we will 

focus on the implementation details of the above-mentioned four main steps of the model. (See figure 

4.1 for detailed view) 

 

4.2 Feature Maps 
In 1

st
 step of the visual attention model, the feature maps  are computed and then a number of features 

(1..j..n) are extracted from the scene by so-called feature maps. The image of the scene is represented 

by such a map based on a well-defined feature, which leads us to the multi-featured representation of 

the scene.  

Itti considered seven different features in his implementation; these are computed from an RGB color 

image and these features are derived from the three main features: 1) Intensity 2) Color 3) Orientation. 

 

 Intensity Feature 

 

 

                                (4.1)  

  
 

 Two chromatic features are based on the two color opponency filters  and  where 

the yellow signal is defined as = . Such chromatic opponency exists in human visual 

cortex [122]. 

 

 

                              =  

                              =        (4.2) 

 
                                  

The choromatic features are normalized by I to decouple hue from the intensity. 

 

 Four local orientation feature  according to the angles θ ∈ {0  , 45  , 90  , 135   }.  

Gabor Filters represent a suitable mathematical model of receptive field impulse response of 

orientation-selective neurons in primary visual cortex [123]. These filters are used compute the 
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orientation features. It is possible to use an arbitrary number of orientations in this 

implementation of model. However it has been observed in [124] that the performance of the 

model doesn’t improve drastically by using more than four orientations. 

 

Figure 4.1-a: illustrates the four main steps of the visual attention model:  

1) Feature extraction 

2) Conspicuity computation (for each feature) 

3) Saliency map computation by integrating all conspicuity maps 

4) Detection of spots of attention by means of a winner-take- all networks 

 

Figure 4.1-b: illustrates the detailed conspicuity operator, which computes six intermediate multi-scale 

conspicuity maps. Then, it normalizes and integrates them into the feature-related conspicuity map. 

 

 

 
Figure 4.1: Saliency-based Model of Visual Attention [124], permitted by the Author. 

 

4.3 Conspicuity Maps 
In 2

nd
 step of the visual attention model, conspicuity maps are computed. To achieve transforming each 

feature map into its conspicuity map, conspicuity maps highlight the parts of the scene which strongly 

differ according to a specific feature, from their surroundings. This is achieved by using a center-

surround mechanism in biologically plausible models. In practice, we can implement this mechanism 

with a difference-of-Gaussians (DoG) filter. We can apply DoG on feature maps and can extract local 

activities for each feature map.  
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To detect the conspicuous regions regardless of their size is a visual attention task. For this purpose a 

multi-scale conspicuity operator is required. Applying the variable size center-surround filter on fixed 

size images comes out with the high computational cost according to [100]. An alternative method 

which is based on multi-resolution representation of images is presented in [93]. For a feature j,  is 

created as a Gaussian pyramid by progressively low-pass filtering and sub-sampling the feature map Fj 

by factor 2 using a Gaussian filter G.   

 

 

      

          
                         ↓2  ( )     (4.3) 

 

    

Where (*) refers to spatial convolution operator and   ↓2    refers to down-sampling operator. 

 

Then the center-surround is implemented as the difference between the fine (c for center) and coarse 

scales (s for surround). A set of intermediate multi-scale conspicuity maps  (1..k..K) are computed 

for a feature j(1..j..n) according to the Equation 4.4, to give rise to the (n.K) maps for the n consider 

feature.  

 

 

         (4.4) 

 

 
Where  is called cross-scaled difference operator, which first interpolates the coarser scale to the finer 

one and then it carries out a point by point subtraction.    

 

The simultaneous computing of both sensitivities: 1) dark center on bright surround 2) bright center on 

dark surround (red/green and green/red or blue/yellow and yellow/blue for color) is gained by the 

absolute value of the difference between the center and surround.  

 
It is important to notice the sensitivity of these intermediate multi-scale conspicuity maps to different 

spatial frequencies. Fine maps are needed to detect the high frequencies and small image regions, 

whereas low frequencies and large regions are detected by coarse maps.   

Oriented Gabor pyramids [125] are used instead of the Gaussian ones for the orientation features.  

 

In next step, the multi-scale maps  are combined for each feature j into a unique feature-related 

conspicuity map  in a competitive way in accordance with Equation 4.5.  

 

 

 

        =           (4.5)  

   

 

Where N(.) denotes a normalization operator which is used to simulate the competition between 

different scales.  
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The detailed description about the different normalization strategies is discussed in Section 4.6. It is 

point to be noted that summation of multi-scale maps is been achieved at the coarsest resolution. The 

finer resolution maps are low-pass filtered and are down-sampled to the required resolution.  

 

Finally, according to the Equation 4.6, the n conspicuity maps  are combined with the cue-related 

conspicuity maps . Each cue-related conspicuity map  regroups the different conspicuity maps 

 belonging to same cue (intensity, color, orientation). 

 

                         

                                  (4.6)  
   

   

Intra-cue competition shows that the features of the same cue directly compete for saliency, whereas 

the cross-cue competition shows that the features of different cues can only compete through cue 

integration. These facts have been pointed out in [64].  

 

4.4 Saliency Maps 
In 3

rd
 step of the visual attention model, the integration of cue-related conspicuity maps  with a 

saliency map S is done in a competitive manner as shown in Equation 4.7. 

 

 

                                 (4.7) 

 
 

Where l denotes the number of considered cues. As we have mentioned above, then operator N(.) 

denoted as normalization operator is described in Section 4.6.  

 

Itti has used seven features (n=7) in his implementation in [93], which belongs to the three different 

cues (I = 3). He computed six (K = 6) multi-scale conspicuity maps   regarding to the conspicuity 

operator, which means that he computed 42 multi-scale maps for seven features.  

 

  

  

 

 
  

  

 

Where P(.) denotes the resolution pyramid, six multi-scale conspicuity maps   are computed for a 

feature j as shown above.  

 

4.5 Selection of Salient Locations 
The actual spot of attention is represented by the most salient location which is given by the maximum 

of a saliency map at a given time. To detect the significant regions successively, a Winner Take All 

(WTA) mechanism [92] is used. In a given saliency map, the starting point for the WTA mechanism is 

to select the location which has the maximum value of the map. The selected region with the maximum 

value is considered as the most salient location of the image which is called winner in WTA mechanism. 
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Thus the spot of the attention is shifted to this most salient location. Then the local inhibition is 

activated in the area around the actual spot in the saliency map. This allows the achievement of the 

dynamical shifts of the spot of attention by means of allowing the most salient location to become the 

winner subsequently in WTA mechanism. However, the inhibition mechanism doesn’t allow the spot of 

attention to return to the previously attended locations as well. As a result of this process, the number 

of detected locations can be set either by the user or the saliency map can determine them automatically.   

 

4.6 Normalization Strategies for Map Combinations 
There are two kinds of map combinations which are performed by the saliency based model of visual 

attention: 

1) To compute the unique conspicuity map  for each of the scene features, the cross scale 

combination of the multi-scale conspicuity maps  are performed.    

2) The cross feature and cross cue combination which integrates the different feature related 

conspicuity maps into the final saliency map. 

 

In the context of visual attention, the combination of the set of maps should simulate the competition 

between different scales for saliency and between different scene features as well.   

 

Now the two very interesting bottom-up combination strategies which have been presented in [126] will 

be discussed. 

 

4.6.1 Contents-based Global Amplification Normalization 

The normalization strategy (.) for the conspicuity maps which should be integrated into a unique map 

is achieved by following these steps: 

 

1) In order to eliminate the across modality amplitude difference which is due to dissimilar 

extraction mechanism, scale all maps to the same dynamic range. 

 

2) Compute the global maximum M the average m of all the other local maxima for each map. We 

can define the local maximum of a map as a location that has a larger value than those of its 

direct neighbors. 

 

3)  Multiply the map by a weight  = (M  globally. Thus, a conspicuity map M is 

normalized by  according to Equation 4.8. 

 

                                      (4.8) 

 

The Figure 4.2 shows that the comparable responses contained by the intensity map leads to a small w 

and because of this reason the intensity map is suppressed strongly. The orientation map’s 

corresponding w is large because of the presence of an outstanding location in the orientation map, 

which explains the global amplification of that orientation map [93].  

 

The fact is that the difference between the most active locations and the average of local maxima of a 

conspicuity map is measured by the w. Thus, the conspicuity maps which present a smaller number of 

strong peaks of activity are promoted by this normalization operator. So the conspicuity maps which 

contain the numerous comparable peak responses are demoted. Figure 4.2 clearly illustrates this effect. 

It is obvious that content-based global amplification normalization is a competitive mechanism which is 

purely data-driven and does not require any prior knowledge about the analyzed scene. 
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Figure 4.2: Contents-based global amplification normalization [74],  

permitted by the Author and Publisher. 

 

4.6.2 Iterative Non-Linear Normalization 

The iterative non-linear normalization strategy  for the conspicuity maps can be achieved by 

following these steps: 

 

1) In the first step of this normalization strategy, the modality-dependent amplitude differences are 

removed by normalizing all the maps to the same dynamic range.  

 

2) In the second step, each map is convolved iteratively by the large 2D DoG filter. The non-

linearity of this iterative normalization method is represented by clamping the negative results to 

zero after each iteration. Hence, the given map is transformed at each iteration of the 

normalization process according to Equation 4.9. 

 

                                 M ←  ≥ 0      (4.9) 

 

Where (*) denoted the convolution operator and negative values are discarded by the ≥0.  

 

The iterative non-linear normalization strategy  is dependent on the simulation of local 

competition between the neighboring conspicuous locations. The locations which are spatially grouped 

and have similar conspicuities are suppressed, whereas the conspicuous locations which are spatially 

isolated are promoted. The Figure 4.3 illustrates the behavior of iterative non-linear normalization 

strategy. 
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The first example in Figure 4.3 shows that how the non-linear normalization promotes the major peak 

progressively during the suppression of less conspicuous locations. Whereas the second part of the 

Figure 4.3 shows the suppression of the whole map where there are no outstanding peaks [127].  

 

According to the [128], despite the fact that iterative non-linear normalization strategy is inspired by the 

human vision, this normalization strategy gives us the advantage by suppressing the noise of a 

conspicuity map and promoting the major peaks in the same conspicuity map and it is because of its 

non-linearity.   

 

However, it has practical drawbacks because of its complexity. In fact, it is time-consuming to apply 

iteratively the large filter on an image unless the complexity of the convolution operator is not 

intervened by the filter. It is also a drawback of this normalization strategy that it chooses the number of 

iterations represented.  

 

 
Figure 4.3: Iterative non-linear normalization strategy [127], permitted by the Author. 
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4.7  Chapter Summary 
Visual attention has been a fundamental tool for the implementation of computer vision applications and 

bio-inspired computational models of visual attention are used widely to overcome the complexity of 

achieving computer vision tasks. The saliency-based model of visual attention is considered as the most 

accepted model which has been adopted for the simulation of visual attention. The chapter describes the 

steps needed to achieve the implementation of the Saliency Based Model of Visual Attention. The four 

major principles on which this model is based are discussed as: 1) Visual attention acts on a multi-

featured input. 2) Saliency of locations is influenced by the surrounding context. 3) The saliency of 

locations is represented on a scalar map. 4) The winner-take-all and inhibition of return are suitable 

mechanisms to allow attention shift. The implementation of the above-mentioned four steps of the 

model are reported in accordance with Itti’s implementation of the saliency-based model of visual 

attention. The implementation of Itti’s model is achieved by computing the three kinds of maps 1) 

Feature Maps 2) Conspicuity Maps 3) Saliency Maps. 
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Chapter 5: Visual Attention-based Object Detection and 

Recognition 
 

5.1 Introduction 
Object detection in the context of computer vision, is the technology that deals with the detection of 

semantic objects instances related to a certain class in some visual scenes  i.e. cars, humans and, in our 

case, road traffic signs. Object detection has become the critical part in image search applications but it 

is still a challenging problem because of the complexity in the object classes and images. There are three 

main approaches for object detection: 1) top-down, 2) bottom-up, and 3) Combination of top-down and 

bottom-up. We’ll use the 2
nd

 approach, since it uses the low-level and mid-level features of the visual 

scene and we want to use the color feature for object detection in our work. Whereas, Object 

recognition deals with finding a given object from a visual scene and is a challenging task as well in 

computer vision applications.  

 

We have to tackle two main challenges in order to solve the object detection problem properly: 

1) Selection of the object which we are interested to detect. 

2) To characterize the detected objects on a robust features basis. 

 

In this section, we’ll report the saliency based model of visual attention which has been discussed in 

detail in Chapter 4. This method addresses the two issues which are mentioned above by taking  

advantage of the visual attention paradigm. Regarding the object selection issue, the model of saliency 

based visual attention automatically determines the most salient regions which could be detected further 

in a static or dynamic environment. The characterization of the detected objects problem is also solved 

by the saliency based model of visual attention which provides the intrinsic and robust features of the 

detected objects.   

 

5.2 Object Detection and Characterization  
The objects which we want to select for the detection in a scene are represented by the spots of 

attention computed from the conspicuity map (Chapter 4.3).  

 

Each detected spot of attention x is characterized by a feature vector f according to the Equation 5.1. 

 

 

       f =        (5.1) 

 

 

where ..  are the features computed from the corresponding feature related to the conspicuity maps 

 as shown in Equation 5.2. 

 

 

         (5.2) 
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Captured Scene Detected Salient Spots 

  
Color Conspicuity Map 

 

Saliency Map 

 

Figure 5.1: Spot Detection and Characterization 

 

Let N be the number of spots detected on a scene, then the attention spots can be described formally as 

= ( ), where n ∈ [1..N] and  denoted the spatial location of the detected spot, and  is the 

characteristic feature vector.  

 

Figure 5.1 is an example of object detection and characterization of Swedish road traffic signs in the 

city of Norrköping. This figure contains the most salient object in the image considering the blue and 

yellow-colored objects in accordance with only considering color features for the computation of 

saliency map.  
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5.3 Traffic Sign Detection and Recognition System  
It seems to be a promising solution to increase the road traffic safety and driving comfort by 

implementing the vision-based driving assistance systems [129][130]. The important part of the solution 

is to automatically detect and recognize the traffic signs. In our proposed system, we have implemented 

it by means of static images on the basis of color feature but of course the dynamic environment is the 

extension of our work, which is to implement the visual attention models on videos.  

 

It is most important that the traffic sign recognition system operates as a real-time system to provide  

rigorous reliability, since a delay in recognizing the traffic signs could cause disastrous effects to the 

traffic participants. The system can use the visual attention paradigm to respond as real-time application 

which is the basic requirement of our system. For the traffic sign detection problem, an attention-based 

solution is promising if the traffic signs are installed and conceived so that the driver can perceive the 

traffic signs which will pop out from the surrounding landscape.     

 

Note: In this thesis work we have only implemented the visual attention model for the detection of 

traffic signs, but for the traffic sign recognition system we’ll only propose a system based on research 

work regarding this area. 

 

In the traffic sign detection part of the system, the visual attention paradigm has been used for the 

detection of regions of interest in a visual scene. The maps of the color feature have been adopted 

according to the color-related characteristics of traffic signs by using the two color channels: blue and 

yellow. Then in the traffic sign recognition system, the segmentation of the regions around the detected 

spots is achieved and a geometric filter is applied around these regions which will reject those regions 

which could not correspond to a traffic sign. The regions which passed the geometric filter are then 

matched to the traffic sign models. Then the regions are either rejected or assigned a traffic sign 

depending on the matching score [4], as illustrated in Figure 5.2.  
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Figure 5.2: Visual attention-based traffic sign detection and recognition system, reproduced from [4]. 
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In our solution of visual attention based traffic sign detection and recognition system, we have made 

some assumptions during the conception of the system to help achieve the desired results.   

 
 We have considered a subset of Swedish traffic signs, and, since we are detecting them considering 

their color, we have only considered the blue traffic signs and yellow traffic signs as shown in Figure 

5.3. 

 We are assuming that the traffic signs are supposed to be not titled and their front side is facing the 

capturing camera.  

 We are assuming that the traffic signs are supposed to be perceived clearly (since it is not the case 

while it is rainy or foggy conditions outside) because our traffic signs detection system relies on color 

related features as mentioned above. 

 

 

 

      

      

      

Figure 5.3: A subset of considered Swedish traffic road signs. Only blue-colored and yellow-colored 

signs are considered. 

 

5.3.1 Overview of the System 

Our proposed visual attention based traffic sign detection and recognition system is comprised of two 

main components: 

1) Traffic sign detector which is based on visual attention. 

2) Traffic sign recognizer which is based on data provided by the traffic sign detector and then 

matches the detected objects of interest with the traffic sign models. 

 

For the detection of the traffic signs, the saliency based model of visual attention is used (with a 

dominance of blue and yellow-colored spots of attention) as the visual attention model to solve this 

task. Indeed we have considered the intrinsic characteristics of traffic signs to be the considered features 

in our model. Specifically have used the two color based features named blue and yellow channels, 

which corresponds best to the colors of the considered traffic signs.   
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To best discriminate the colors of the objects we want to detect, the conspicuity transformation has 

been adapted largely for each feature. In our implemented saliency based model of visual attention, all 

conspicuity maps are combined into the final saliency map and the selection of the most salient objects 

on a scene relies on the final saliency map.   

 

Proposed Recognition System: By using the color information of detected spots of attention, the 

segmentation of corresponding regions can be achieved [131]. Then the geometric filtering is done on 

the segmented regions, which filters out (using the criteria like compactness and elongation) the regions 

which could not correspond to the traffic signs.  

Finally, the regions which passed the geometric filter are matched with the traffic signs models which 

are stored in a database. This matching can be result in the recognition of segmented region as a valid 

traffic sign or the region will be rejected as shown in Figure 5.2.  

 

5.3.2 System Evaluation 

In this section we will report the experiment which we have conducted for the evaluation of our 

proposed attention-based traffic sign detection system. We have carried out experiments on almost 100 

different real-time traffic scene images which have been captured in various situations and conditions in 

Norrköping, Sweden. We have tried to cover all the traffic signs (blue colored traffic signs, yellow 

colored traffic signs) which we want to detect by applying the saliency based model of visual attention.    

 

By applying the detection module, which detects the most salient locations on the basis of blue and 

yellow colors, we have observed that 87% of the blue and yellow-colored traffic signs are amongst the 

detected salient objects in the road traffic scenes used in our evaluation as show in Figure 5.4 and Table 

5.1. The remaining 13%, which were not detected were the distant objects which were not clearly 

visible in the captured scene or had not clear visibility because of reasons like bad weather, bad 

direction etc.  

 

Detected Salient Locations Detected Traffic Signs 
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Figure 5.4: Detection of the Traffic Signs 
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Table 5.1: Evaluation of the Traffic Sign Detection System 

Sign Type Number of Signs Detected Signs 

Blue-Colored Traffic Signs 103 89% 

Yellow-Colored Traffic Signs 107 84% 

Total 210 87% 

 

Since the system is bound to detect the 5 salient spots in a  captured visual scene on the basis of 

specified features, it has been observed that in more than the 90% of the captured scenes, the priority of 

the detection of blue and yellow-colored traffics signs is higher than the other objects of the same or 

different blue and yellow color shades, and it has been achieved by the color-based features (blue and 

yellow channels) which correspond more to the colors of the considered traffic signs than to the other 

blue or yellow-colored objects. The system does not detect the objects which clearly do not belong to 

blue or yellow color shades. Such objects will not be considered by the system as the detected salient 

spots and it will reduce the processing load of recognition system. An experiment is shown in Figure 

5.5. as an example. 

 

 
 

In first attempt, the system has detected 

the blue-colored traffic sign. 

 
 

In the second attempt, the system has 

detected the yellow-colored traffic sign. 
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In the third attempt, the system has 

detected an object which is not a traffic 

sign but belongs to a shade of blue color, 

and there is no other yellow or blue traffic 

sign present in the scene, since there are so 

many other objects of different colors 

present in the scene. 

 
 

In the fourth attempt, the system has 

detected an object which is not a traffic 

sign but belongs to a shade of yellow color, 

and there is no other yellow or blue traffic 

sign present in the scene, since there are so 

many other objects of different colors 

present in the scene. 

 
 

Since the system has detected all the 

possible spots of attention, so in the fifth 

attempt, the system does not detect any 

spots of attention and goes back to the first 

detected blue-colored traffic sign and 

ignores the other objects of different 

colors, because it is bound to detect the 

five spots of attention in a visual scene. 

Figure 5.5: Priority Based Detection of Traffic Signs 
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To conclude the evaluation, we can say that, although we have not implemented the traffic sign 

recognition system in this thesis work, the traffic sign detection system can prove to be  a promising 

platform for the development of traffic sign recognition system. In fact, it is convenient to extend the 

detection system so that it can be implemented along with the recognition system.    

 

5.4 Chapter Summary 
It has been shown in this chapter that the visual attention paradigm has enough potential in guiding the 

computer vision applications toward their goals with increased performance. In this context, object 

detection and characterization issue is reported and applied as automatic traffic sign detection and 

recognition system for driver assistance. The proposed method for object detection is expected to have 

high potential to solve various problems in computer vision applications e.g. road traffic signs detection, 

visual robot navigation etc.  

Finally, the automatic traffic sign detection and recognition system is presented by taking advantage of a 

selective visual attention mechanism. The system detects the road traffic signs in different situations and 

environments, and it has been evaluated that 86% is the accuracy at which system detects the traffic 

road signs in a captured scene. Indeed it has been reported that this traffic sign detection module can be 

proved as a solid platform for the extension to the traffic sign recognition system.   
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Chapter 6: Conclusion  
 
Vision is amongst the five senses of humans, in fact the most important one because  90% of the 

information which the human brain receives from the external environment is through vision. To 

interpret and then to interact with different objects in the surrounding environment is the main goal of 

human vision.  

 

The daily life capabilities of humans e.g. perceiving thousands of objects, identifying hundred faces, 

appreciating beauty, recognizing traffic signs etc. require only minimal effort. The carrying out of these 

tasks may appear simple but it proves the high degree of development of the human vision system. 

 

Computer Vision is a field of applied sciences with the main objective to provide those same functions 

to computers which are present in human vision. The typical computer vision applications include robot 

navigation, medical imaging, video streaming, industrial quality control etc.  

 

Without any doubt, during the past decades impressive progress has been made in this field, but at the 

present time the computer vision applications depend heavily on the human visual system regarding 

their robustness and performance. The human vision inspired computer vision systems are promising 

alternatives as far as the robustness and performance of the computer vision solutions are concerned.  

 

If we think as researchers  in developing computer-vision applications, the question should be asked, 

and answered, what mechanisms are involved in human vision that make it easy for humans but difficult 

for computers [108]. 

 

Visual Attention is an ability of the vision systems to rapidly select the salient and relevant data/objects 

in a visual scene. The core objective of visual attention is to achieve the least possible amount of visual 

information to be processed to solve the high level complex tasks e.g. object recognition, which can 

lead the whole vision process to become efficient. This visual attention mechanism must be the part of 

the answer to the question which has been asked above. 

 

This thesis work presents a brief overview of the human visual system at the start, which is the basis for 

the all the visual attention concepts and theories. The thesis then presents how the different areas of 

human brain interact with each other to perceive the extracted information from their surrounding 

environment.  

 

Then the basic concepts of visual attention have been presented which provide the basis for 

implementing the human visual system to computer vision which includes the selective visual attention, 

convert versus overt attention, unit of attention, bottom-up versus top-down attention, visual search 

and pop-out effect and the neurobiological correlates of visual attention. It also presents the well- 

known psychophysical theories and models of attention. 

 

The second portion of the thesis presents the well-known bio-inspired computational models of visual 

attention in the context of visual attention applications in machines. The saliency-based model of Koch 

and Ullman is presented as the basis of these models and then all the related models have been 

presented.  

 

Some other bio-inspired models have been presented as well which are not inspired from Koch and 

Ullman’s model. It also presents the applications of visual attention in the field of computer vision 

which include applications like object recognition and active vision systemsVisual attention has been a 
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fundamental tool for the implementation of computer vision applications and bio-inspired computational 

models of visual attention and is used widely to overcome the complexity of achieving computer vision 

tasks.  

 

The saliency-based model of visual attention is considered as the most accepted model which has been 

adopted for the simulation of visual attention. The next portion of the thesis describes the steps needed 

to achieve the implementation of the Saliency Based Model of Visual Attention. The four major 

principles on which this model is based are:  

 

1) Visual attention acts on a multi-featured input. 2) The saliency of locations is influenced by the 

surrounding context. 3) The saliency of locations is represented on a scalar map. 4) The winner-take-all 

and inhibition of return are suitable mechanisms to allow attention shift. The implementation of the 

above-mentioned four steps of the model are reported in accordance with Itti’s implementation of the 

saliency-based model of visual attention. The implementation of Itti’s model is achieved by computing 

the three kinds of maps 1) Feature Maps 2) Conspicuity Maps 3) Saliency Maps. 

 

The last part of the thesis shows that the visual attention paradigm has enough potential in guiding the 

computer vision applications toward their goals with increased performance. In this context, object 

detection and characterization issue is reported and applied as automatic traffic sign detection and 

recognition system for driver assistance. The proposed method for object detection is expected to have 

high potential to solve various problems in computer vision applications e.g. road traffic signs detection, 

visual robot navigation etc.  

 

Finally, the automatic traffic sign detection and recognition system is presented by taking  advantage of 

the selective visual attention mechanism. The system detects the road traffic signs in different situations 

and environments, and it has been evaluated that 86% is the accuracy at which the system detects the 

traffic road signs in a captured scene. Indeed it has been reported that this traffic sign detection module 

can be proved as a solid platform for the extension to the traffic sign recognition system.   
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