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ABSTRACT 

A rapidly emerging need within virtual environments is the ability to accommodate a large, 

distributed user-base. In particular, Internet-based distributed virtual environments 

represent a challenge in providing a heterogeneous environment accessible by many 

thousands of users. Interest Management represents the process of filtering network data 

based on relevance to users, in order to make the most efficient use possible of available 

network capacity. In this thesis, the potential for a visual-attention based refinement to 

interest management is explored, which utilises a spotlight-based model of human 

attention. By considering the relationship between attention and interest management, this 

thesis illustrates a tendency within existing systems to use a simplistic or object-based 

approach to measure relevance, typically based on proximity to the user or visibility. By 

considering the current state of the art alongside common theories of visual attention, it is 

hypothesised that a refinement aiming to accommodate a spotlight model may offer an 

approach capable of more efficient use of bandwidth when compared to exlSttng 

techniques. In particular, it is suggested a spotlight model would be capable of 

accommodating key aspects of human visual attention in a processor-efficient and 

composable manner. Bandwidth conserved by the use of such an approach may be 

subsequendy re-utilised to provide a higher degree of interactivity within a distributed 

virtual environment, or to support greater numbers of simultaneous users. 

In order to evaluate the effectiveness of a spotlight-based approach, a test environment is 

created which allows users to participate in a number of activities alongside a 1arge volume 

of simulated clients. Throughout these activities, interest management is changed 

seam1essly between variations of a spotlight approach, extremes, and an approximation of 

the current state of the art. Results obtained from a total of 15 users indicate a preference 

for such an approach when compared to the current state of the art in 80% of subjects, 

and suggest the capacity to reduce available bandwidth by up to 60%, dependent on task, 

without perceivable impact. 
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1 Introduction 

In 1989, Lanier coined the tenn 'Virtual Reality' [LMF89], to describe the emerging 

phenomenon of the use of three-dimensional computer graphics to convey scenes 

mirroring real-world spaces. Rather than simple static images, the processing power of 

advancing technology was being exploited to allow users to traverse their viewpoint 

through a virtual space. Whilst early systems were primitive, they benefited enonnously 

from the exponential increases in processing power as hardware evolved, and by the late 

1990s the tenn 'Virtual Reality' was frequently expanded to 'Virtual Environment' (VB) or 

'Virtual World', emphasising the increase in scope of systems. Perhaps the most striking 

aspect of VBs is the rapidity with which graphical technology has advanced, from primitive 

text-based displays to detailed images of real-world environments, over the space of less 

than a few decades. Hardware capable of creating detailed virtual environments is available 

for as little as a few hundred pounds, and well within the reach of many consumers. As 

technology continues to advance, it is easy to envision the 'Cyberspace' predicted by 

Gibson [Gib94], wherein many users co-exist within the same virtual space. Indeed, the 

simultaneous emergence of the Internet and VB technology has led to an inevitable 

convergence into the notion of the 'distributed' virtual environment (DVB). 

To consider the application of such technology for a moment, research has covered a wide 

range of potential uses. As documented later in this thesis, the first such application of 

distributed VB technology was to create military simulations [ZSOO]. In a commercial 

context, property ownership and land sales take place in Second Life [Lin06], with 

participants being offered virtual islands with real-world prices from $1,000. A cursory 

inspection of online auction sites [Kel04] shows virtual items from a host of online games 

retailing for real-world money. A theme common to all these applications is the co

existence of large numbers of users within a small virtual space. Whether the area in 

question is a virtual shopping mall, battlefield, construction site or stadium, the desire to 

provide interactivity on a grand scale is compelling. nus presents one of the problems at 

the core of VB design; that the number of clients capable of co-existing within a virtual 

space is limited by the network bandwidth available. Arra of Interest Management (commonly 

tenned simply as "interest management'') is introduced as a means to minimise this 
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bandwidth requirement, and create an architecture capable of accommodating an infinite 

number of clients by partitioning and scaling network load accordingly. In essence, an 

interest manager seeks to detennine what is relevant to clients within an environment and 

provide them with information accordingly. Interest management may thus be interpreted 

as a filter, removing redundant information from the network data stream and thus 

allowing more capacity for relevant data. Area of interest management stems from the need 

for scalability, in terms of having several thousand potential users within the same virtual 

space whilst maintaining an optimum level of service. In this scenario, interest management 

is needed to identify the information most relevant to each user, and to ensure it is 

transmitted as and when is necessary. Thus, in any large-scale distributed virtual 

environment, interest management is a central concern. 

As a filtering process, it is easy to draw parallels between interest management and the 

processes of human visual attention. The work of Broadbent [Bro59], discussed in more 

depth in Chapter 2, argues human attention serves to filter redundant stimuli, and present 

us only with the stimuli that are most relevant. Similarly, interest management seeks to 

filter redundant network data and present each client with only the information most 

relevant. 
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1.1 Hypothesis and Objectives 

This thesis considers the visual aspects of interest management. It presents a hypothesis 

stating that the direct application of a 'spotlight' model of visual attention, in place of the 

current proximity-based state of the art, offers a reduction in bandwidth requirements for 

large-scale environments with no perceivable impact for users. Such an enhancement is 

proposed by considering the process by which existing approaches determine relevance, 

and equating them to theories of human visual attention. In doing so, it becomes evident 

that existing systems use a simplistic measure of relevance between clients, when 

contrasted against existing models of human attention. 

The primary objectives of this thesis are: 

• To provide justification for the consideration of a spotlight-based approach to 

interest management, by considering the approaches of existing systems alongside 

models of visual attention, and in light of the current need for improvement. 

• To describe as generic as possible a model for applying such a spotlight, and 

provide subsequent detailing of its implementation. 

• To evaluate such an approach, and provide comparison with the current state of 

the art. 
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1.2 Thesis Structure 

Following this introduction, Chapter 2 presents research into visual attention, illustrating 

the theories most relevant when considering virtual environments. Chapter 3 discusses 

more direct examples of the application of these theories in graphical rendering and virtual 

environment-based scenarios, covering a range of topics from perceptually optimised 

rendering to the concept of 'presence' in virtual environments. Throughout Chapters 2 and 

3, a foundation of theory is presented by which the existing DVE systems and their 

respective interest management paradigms as presented may be critiqued. A key emergence 

from this critique is the lack of consideration of visual attention within existing approaches, 

and the subsequent potential for the application of a spotlight-based approach, whose 

potential implementation is described in Chapter 4. 

Such an approach is suggested to offer realistic gains in the perceived quality of the 

environment when considering scenarios wherein users seek to interact and observe both 

distant and nearby clients. Chapter 5 outlines the development of an implementation to 

meet criteria in employing the perceptual model whilst remaining computationally efficient 

enough to function within existing distributed virtual environments. Evaluating the 

proposed system implies the need to simulate an environment with a large number of 

users, in order to examine fully the effects of various interest management approaches. In 

Chapter 6, a series of experiments are described which seek to utilise the environment to 

evaluate the proposal against the current state of the art. Such evaluation offers results 

indicating the success of the proposed method within the context of a practical 

implementation, and leads to discussion regarding conclusions and the potential for further 

perceptual refinements, which is the emphasis of Chapter 7. 
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2 Human Visual Attention 

lbis chapter provides a focussed taxonomy of research into human visual attention, taking 

into account the specific relationship between attention and gaze, and the various models 

that attempt to explain the phenomenon of visual perception. The aim of this chapter is to 

provide discussion regarding the concepts of gaze and attention, and to present the most 

relevant models of human attention when considering virtual envirorunents. Such a 

foundation is used in Chapter 3 to draw parallds between visual attention and interest 

management as filtering processes. Hence this chapter provides a background by which the 

applications of perceptual models discussed in Chapter 3 may be more effectively critiqued, 

and provides a foundation upon which to consider these modds of attention and their 

potential application to interest management paradigms. 

Section 2.1 introduces the broad concept of human attention as a research fidd, and 

summarises the fundamental work within this area. Attention and gaze are defined more 

explicitly in Section 2.2, which considers both the physiological and psychological aspects 

of vision most pertinent to the interactions between humans and virtual envirorunents. 

Change blindness is used as an illustration of the limitations of perception that the 

methods in Chapter 3 seek to exploit. 

There follows, in Section 2.4, a summary of several models of human attention. It rapidly 

becomes apparent there is a lack of general consensus in modelling human attention; 

however, the wide variety of models provides a large number of potential avenues for 

exploration when considering applications within virtual envirorunents. 1bis potential 

arises not only from the differences between existing models, but also their varying 

suitability to computational applications. The latter part of this section concerns itself 

primarily with computational models of attention, or theories of attention particularly 

suited to computational modelling. lbis leads to discussion regarding the methods by 

which such models have been exploited within virtual envirorunents, which is the focus of 

Chapter 3. 
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2.1 Visual Perception 

The study of human perception can claim to be one of the most ancient fields within 

psychology. Origins of established study within the field can easily be traced back as far as 

Aristode in works such as De Senm et Sensibilibus ("On Sense and what is Sensed',), written 

around 350BC as part of his Parva Nal1lrala. Even such early works still maintain modem 

relevance, as the qualitiative and subjective nature of human perception eludes attempts to 

produce a definitive empirical model. Indeed, the value of accurate quantisation of 

perceptual stimuli in order to weight their relative magnitudes was identified as of interest 

even within these early works: 

(That every sensible object is a lIIagnil1lde, and that nothing which it is possible to 

perceive is indivisible, III'!) be fhllS shown. The disfan~ w~ an object collid not be slen 

is indelemlinate, bllt that when~ it is visible is determinate. " - AmlDtle [Bea04] 

Within this chapter, attempts to define and measure these magnitudes of "sensible objects" 

(and, indeed, what defines a "sensible object'') are presented. In the context of this thesis, 

the ultimate goal of such attempts may be interpreted as being to form a basis upon which 

to construct a model capable of ubiquitously predicting the perceptual relevance of any 

given object to an observer. At the core of this notion lies the implied hypothesis that 

sense is indeed measurable, and the results of the volume of research presented within this 

chapter add weight to this theory in many different respects. Given its feasibility at least to 

some degree, the challenge in attaining such measurement lies in the sheer biological 

complexity of the senses, precluding physical attempts to assertain magnitudes of sense, 

and the individuality of the human being, which constrains attempts to qualitatively predict 

magnitudes in a form applicable to every individual. 
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A common phenomenon which illustrates several key characteristics of perception, 

particularly the effects of such individuality, is the concept of the fllllltistabk image. In 

essense, this is a static image which the brain cannot adequately resolve to a single 

interpretation and hence is perceieved as an oscillation between two or more possibilities. 

The Necker Cllbe shown in Figure 1 is one simple and frequently-used example of 

multistable perception. Similarly, the adjacent image, Rllbin's Vare may be perceived either 

as two faces or a chalice. An individual's perception will tend to shift between the two 

interpretations in both cases, the brain unable to settle on a 'correct' interpretation of the 

image. Interestingly, however, since people have a tendency to view objects from above 

more frequently than from below, Kleine-Horst argues there is a distinct tendency to 

interpret the cube as being viewed from above [Kle01]. This is perhaps one of the most 

simple yet compelling examples showing a relationship between past experiences and 

perception - the way in which humans perceive the world is influenced by learning. Such 

concepts form the basis for top-down and bottom-up models of perception discussed later 

in this chapter. 

Figure 1: Multistable Perception. A Necker cube (left) and Rubin's Vase (right), both images commoaly 
used to illusttate the phenomenon. Taken from [Leh03aJ. 

Given such differences between humans in percieving situations, and in light of this 

overwhelming challenge in measuring magnitudes of sense, it may seem that attaining the 

goal of a ubiquitous model for sensory relevance is an impossibility. Indeed, providing a 

flawless model capable of providing an accurate and universal measure of perceptual 

relevance is indeed of debatable feasibility, and certainly only exists within the realms of 

biological science. However, by qualitative methods and the extreme nature of many 

stimuli in comparison to their background (a flashing light in a darkened room, for 

example), it is often possible - if not trivial- to classify the order in which items are likely 
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to evoke sensory priority. The case, then, is to look for ways in which approximations of 

sensory importance may be made, rather than provide absolutes. This can be evidenced in 

the many experiments discussed in this chapter that rely on a more qualitiative approach as 

opposed to strictly quantitative methods. 

A commonly described mechanism by which additional detail is constructed by the mind in 

the absence of physical stimuli is described by Gestalt theory. Gestalt theory can loosely be 

described as the nature of the mind to create wholes out of incomplete elements, a 

phenomenon frequently summarised by the phrase Itthe whole is greater than the S111II of the 

partl'. 

B ft 

... 

Figure 2: Rcification. 4 separate examples of ICification. Taken from LLeh03b] 

Figure 2 illustrates some examples of images reinforcing this theory, commonly referred to 

as reifoation. In all four examples, there is a tendency to perceive shapes not present, due to 

the unusual surrounding shapes. In the first image (A), for example, a triangle is generally 

observed between the three shapes. This lends itself to a theory of perception as a 

conslrNdive process - the brain will attempt to create a satisfactory interpretation of a 

scenario, even if such an interpretation requires the formation of elements absent from the 
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actual image. Gestalt theory may be presented as forming a part of the basis behind 

phenomena discussed later within this chapter, such as change blindness. Rather than risk 

reiterating the contents of many textbooks serving to explain the origins and detailed 

theories behind Gestalt psychology, it would instead seem more relevant to provide a 

number of key references and thus provide more emphasis on the relationship between 

these fundamental theories and the remainder of this chapter. Thus the reader may be 

directed to the initial and fundamental works by Wertheimer [Wer12], [Wer20], [Wer22] 

that led to his accreditation as the founder of Gestalt theory, or any of the excellent 

textbooks on the subject [DWOS]. To return to the earlier quote regarding the whole as the 

sum of its parts, an address by Wertheimer reiterates this statement more eloquently: 

(Thm a~ wholes, the behaviour of which is not Jeler11lined by that of their individmJ 

elements, hilt where the parl-processes ~ themselves Jelerlllined by the intrinsic nahirr of 

the whole. It is the hope of Gestalt theory to determine the nahl~ of SIIch wholes. " -

Max Wertheimer [Wer22b] 

Exploiting this phenomenon is key to any methods seeking to optimise images in terms of 

minimising content, whilst relying on the brain to subconsciously add detail. This can be 

seen in the works aiming to perceptually optimise computer graphics described within the 

next chapter, and fonns a partial basis for the concept of change blindness, covered later in 

this chapter. The proposal within this thesis itself relies on such notions in order to 

manipulate what is perceived as efficiently as possible. Gestalt theory can be regarded as a 

primary source of questions in perceptual research, particularly with regards to vision as the 

illustrated examples such as those in Figure 2 demonstrate. Although, whilst Gestalt theory 

provides a great deal of insight into visual perception from a theoretical standpoint, it can 

be seen as partly distanced from research into the biological system at the core of visual 

perception due to the contradictory nature of the whole system as being indefinable in 

tenns of sub-components. Thus in order to view the field more comprehensively, it is 

necessary to view other works in parallel. Whilst in 191 0 Wertheimer was forming the basis 

for Gestalt theory, Helmholtz was establishing scientific research into the nature of vision 
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in his Treatise on Pl?JsiologicaJ Optics [Hdl0], again making crucial observations still studied in 

current research: 

'The IrNth is we selJom lISe indirect vision a'!Yholll to find Ollt abollt the form, si!(! and 

arrangement of objects visible in that lIIay. Its main service crmsists in mpplJing lIS lllith a 

sort of rough sketch of the vicinity of the point of fixation lIIhere ollr attention is directed, 

and at the same time to divert ollr attention to a'!Y ne1ll or extraordinary phenomenon 

that may arise out tolllard the periphery of the field." - Hermann von Helmho/it 

[He/fOb] 

The phenomena not only of direct and indirect attention, but also the significant response 

to objects in the periphery of the fidd of view, are both concepts recognized in perceptual 

research and topics of ongoing study. Fundamentally, a recurring theme throughout early 

research was an appreciation of the complexity of human attention, and the concept of 

attention as a process incorporating many factors. Having presented such overriding 

theories behind research into human perception, emphasis is now shifted to more recent 

and specific works. In the subsequent sections, attempts to analyse images on a perceptual 

level are described, alongside more recent and detailed models for human attention. 

Additionally, a brief study of attention and gaze is included, partly in order to provide 

definition of tenDS, but also to give some weight towards the biological systems closely 

related to perception. 
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2.2 Attention and Gaze 

Before analyzing the topics of attention and gaze, it is essential to first define precisely the 

meaning of these two tenns, in their context within research into visual perception. Such 

definition can be related back to initial research on perception mentioned within the 

previous section, since the concepts are closely linked with perception itself. 

Attmtion has been a noted subject of research since the 19th Century, and whilst it can be 

considered as a focus of researchers such as the aforementioned Helmholtz, only recently 

has technology allowed attention to be studied in a more quantitative fashion. A common 

expression of attention is as a cognitive process of focusing on an object at the expense of 

the surroundings. James, often considered a founder of theories regarding attention, 

described the process in his "Principles of Psychology" Dam90] thusly: 

"It is the laking possession I:!J the mind in cllar and vivid form, of one 0111 of what SIl11l 

several simliitaneolisfy possibk oo/Ids or trains of thollghl. .. lt i11ljJ1ies withdrtZ1llal from 

some things in order 10 deal effectivefy with others. It - Willia!n James Uam90J 

One model for attention is described by Broadbent, who seeks to define it in terms of a 

filter; removing redundant information [BroS9]. In effect, Broadbent suggests attention is a 

mechanism in place to prevent a fonn of 'information overload'; suggesting perceived 

sensory information has the potential to exceed the processing capabilities of the brain. 

Thus the task of such a filter could be described as working within the constraints of the 

brain to ensure the most salient information is given priority. In an experiment intending to 

verify this, Cherry [CheS3] equipped volunteers with headphones, providing two different 

recordings into each ear, and requested that they listen only to one ear and report the 

information given to them. The results showed that the subject was almost universally 

unable to report the information given to the other ear, and were even incapable of 
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recalling the language. In effect, it has been proven by such experiments that in the case of 

aural stimuli, the effectiveness of this filter can be extreme, almost completely negating the 

stimulus when required. Hence there exists distinct and substantial evidence that humans 

are capable of focussing the senses, both on a physical and cognitive level. 

Ga!(!, by comparison, is rather simpler to define. Whilst the precise origin of the term is 

hard to identify, a 1975 taxonomy of eye-tracking technology by Young and Sheena 

identifies it simply as the physical property of the direction of the eye at a given point in 

time [You75]. Such a definition has subsequendy been adopted by the emerging field of 

research into tracking gaze [HNL06] and thus it proves reasonable to use the term to 

indicate the direction of the eye independent of consideration of the cognitive, attention

based process which results in this direction. The metric used to measure gaze varies widely 

due to the different nature of gaze-tracking technology; many methods seek to quantify it 

explicidy, for example in radial co-ordinates with origin at the centre of the eye. Eye

tracking hardware has been capable of such measurements for several decades [Cor7S]. 

Furthermore, qualitative models also exist such as that of Pappu and Beardsley [PB98], 

which seek to represent gaze as a series of states rather than precise metrics. Such an 

approach exhibits advantages when considering the difficulty of relating a measurement of 

the angle of the eye to the object being gazed upon - doing so requires a knowledge of the 

surrounding world and the ability to compute the path between eye and object. By 

adopting a qualitative method whereby the number of potential targets for gaze is 

considered finite and well defined, it becomes simpler to predict the current target. Many 

differences exist between methods for measuring gaze, yet all share a common 

interpretation of its meaning as the orientation of the eye relative to the remainder of the 

head. In the remainder of this section, the physiological nature of attention, and hence 

more specifically gaze is analyzed, in an attempt to provide a more solid understanding of 

the biological mechanics behind visual attention. 
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Consider firSt the physiological aspects of the visual system. At the risk of detracting from 

the focus of this chapter on more cognitive theories of visual attention, it is worth noting a 

few important characteristics that are relevant when considering the relationship between 

physiology and gaze, and hence subsequently between gaze and attention and thus 

perception. Firstly, there is a marked horizontal and vertical asymmetry within the human 

eye [SLG06], which offers a potential explanation for the preference towards objects in the 

lower half of the visual field, as described by Kleine-Horst [KleOl]. Additionally, human 

field of view offers a notably broader range in the horizontal compared to the vertical, a 

biological trait also arising from the nature of our surroundings and the relative infrequency 

of dealing with objects significantly above us, as mentioned in the previous section in the 

discussion of the Necker Cube. Combining the qualitative results of experiments such as 

those involving the Necker Cube with a biological analysis of the visual system 

demonstrate evolved bias in favor of focusing attention upon objects on a lateral plane, 

with emphasis towards objects below, rather then above the subject. Such a phenomenon 

is documented by Campbell et al. [CK66]. Another factor of consideration is that the eye's 

peripheral sensitivity is asymmetric, as shown by Regan and Beverley [RB83]. In essence, 

by taking a single eye and analyzing responses on each side of the visual field, it can be 

shown that a bias between left and right sides occurs with increasing eccentricity from the 

centre of the field of view. TIUs asymmetry exhibits itself most dramatically between nasal 

and temporal retina (shown in Figure 3) beyond 20 degrees as shown by Sutter and Tran 

[ST91]. 

right temporal retIna 
right nasal rebna 

Figure 3: lllusttation of the relationship between retina and visual world. Taken from [WUS06] 
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Increasing eccentricity from the centre of the field of view has been shown to have a 

number of other effects. One characteristic of such increase is a corresponding decrease in 

contrast sensitivity. The visual response to contrast at any degree of eccentricity can be 

predicted by scaling the response with an eccentricity-based factor, as illustrated by Regan 

and Beverley [RB83]. Attempting to provide a comprehensive model relating physical to 

perceived magnitudes of stimuli is the focus of the Weber-Fechner Law [Web34]. The law 

states that sensory perception functions in a logarithmic manner, with the ability to sense a 

change in stimuli being directly affected by the current magnitude of stimuli experienced. 

This applies to all of the 5 senses - the initial experiments by Weber dealt with handing a 

blindfolded subject weights and noting a relationship between the amount of weight held 

and the sensitivity to increases in weight. With regards to vision, one of the principal 

Weber-Fechner characteristics is a logarithmic response to brightness at all eccentricities. 

This may trivially be demonstrated by the limited ability of a subject exposed to continual 

bright light to detect a change in luminosity of a source, in comparison to subject in 

darkness. More recent research suggests the inflexibility of the Weber-Fechner law to be a 

weakness; although the widely used Stevens' Formula [Ste55] still implies logarithmic 

response. Whilst such laws serve to provide some insight into the laws goveming human 

vision, the relationship between light entering the eye and the image perceived by a viewer 

is understandably complex. Many different characteristics exist, which are, to apply this to 

the context of this thesis, of note when considering a relationship between both rendered 

and perceived scenes within a virtual environment. 

Though this section aims at this stage to avoid direct comparisons to applications within 

virtual environments, in order to better present theories of attention, it is worth relating 

these characteristics of vision to the context of user viewing a virtual environment. Firsdy, 

the horizontal and vertical asymmetries lead to the standard aspect ratio of most monitors, 

can be seen as considered direcdy or indirecdy by designers of both hardware and user 

interfaces. More significandy in the context of optimisation, the tendency for humans to 

give less emphasis to areas above or below them may be exploited in order to allocate 

more resources to objects on a similar horizontal level. The asymmetry between nasal and 

temporal retina whilst naturally balanced by the stereoscopic nature of vision, may be 

exploited in scenarios where hardware may provide differing images to each eye. Finally, 
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contrast sensitivity provides potential for exploitation where pixel colours may be directly 

manipulated to affect this response. Research into rendering has led to methods such as 

high dynamic range (HDR) lighting within rendered scenes, wherein contrast between pixels is 

deliberately manipulated to provide a more realistic visual experience [Deb98]. 

Biological research, whilst potentially capable of ultimately providing a comprehensive 

understanding of attention, is limited by current technology and the inherent complexity of 

the visual and neurological system. Hence research into attention has frequently been 

limited to qualitative study and attempts to provide models that offer an ability to 

approximate attention using simpler traits. The next section describes a typical phenomena 

which proves extremely complex when considered purely as a biological process - that of 

Change Blindness. 
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2.3 Change Blindness 

Change blindness is a noted event whereby large changes in a visual scene go unnoticed by 

an observer. McConkie et al. are frequently credited with coining the tenn around 1979 

[MZ79] , although research directly into the phenomenon can easily be traced back to 

French in 1953 [Fre53]. However, only within the last few decades has visual display 

technology advanced to enable experiments on change blindness within scenes to be 

perfonned simply and effectively. 

Rather than consider the notion of change blindness directly in an attempt to explain the 

phenomena, many researchers such as Rensink. et al. [RRC97] look instead at change tklection, 

effectively viewing the perception of change as the process, with change blindness a failure 

of the senses to perceive such change. Such research suggests that deliberate attention by 

subjects is essential for change detection, though not necessarily sufficient. An initial body 

of research such as that by Grimes [Gri96] suggested that a dramatic change induced 

during a saccade frequently went unnoticed; resulting in suggestions that there was a 

relationship purely between saccades and change blindness. However, Simons [Sim96] 

demonstrates that a central object in a film may be replaced whilst accompanied with a 

brief pan away from the object, and subsequently go unnoticed by all observers 

independent of eye movement (whilst no attempt was made to constrain eye movement, 

results were consistent for a large sample of viewers). Thus more recent work has shown 

that any interruption between the eye and viewed scene has a significant impact on change 

detection. Evidence such as this suggests an extremely high degree of importance between 

continued fixation on an object and the ability to perceive change; Blackmore et al. 

[BBN95] further reinforce this notion with results showing significantly reduced ability to 

detect change between two images when a blank screen is briefly inserted between them, 

alongside the techniques pioneered by Rensink. mentioned previously. 

Simons [SR05] notes on the subject that the most unexpected characteristic of the 

phenomena is how drastic change blindness can be, with users unable to detect highly 

significant scene changes to central objects with only brief obfuscation. Levin et al. 
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[LMDOO] offers an explanation of change blindness as arising from an overestimation of 

our own ability to process visual information; when faced with experiments presented by 

Levin, subjects had a tendency to predict a superior ability to detect change than they 

exhibited. Thus Levin argues our assumption that all visual information we perceive is 

accurate contributes to our inability to detect change. Only as recently as 2005 was a 

physiological explanation of change blindness offered [SLW05]; suggesting the parietal 

cortex has a responsibility in vision separate from the visual cortex. By temporarily 

disabling the function of the parietal lobe with small electrical currents, subjects became 

unable to detect changes in a scene even as dramatic as a person's face changing. The 

importance of the parietal cortex indicates a deeper relationship between scene perception 

and change involving reasoning and concentration, rather than being a simple visual 

process. 

Whilst not strictly a model of attention, in that it only encompasses a single aspect of the 

more general field, the concept of change blindness is particularly relevant when 

considering perceptual optimisation of scenes via the removal of non-relevant content, as 

discussed in Chapter 3. The importance of change blindness in this context stems from the 

phenomenon it describes where seemingly drastic changes in a visual scene go undetected 

by a viewer. This is advantageous when performing such optimisation, since a reliable 

method of predicting both the triggers of change blindness alongside which details within a 

scene are most likely to be obscured by the phenomenon, has the potential to allow 

substantial detail to be removed undetected. In order to accommodate phenomena such as 

change blindness, which arise from highly complex cognitive processes, attention is 

frequently modelled via empirical results, rather than as a series of controlled biological 

processes. The next section goes on to distil this volume of empirical research into visual 

attention, and identify the most significant models arising from observation. 
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2.4 Models of Visual Attention 

In this section, a number of concepts central to theories of visual attention are presented. 

Primarily, these concepts centre on attempts to create a conceptual model of attention, 

capable of predicting the perceptual relevance of objects within an image or environment. 

Consequently, these concepts fonn a basis for computational models of attention, which 

may be used to analyse scenes to detect areas of most likely attentional focus (a process 

discussed in the next chapter). Whilst study of the eye alone provides some insight into the 

nature of attention, the visual mechanism is highly dependant on neural processing and the 

behaviour of the visual cortex, and hence simple mechanical study of the eye only provides 

a limited understanding of human perception. One key characteristic of the neural aspects 

of vision is that of covert attention. Whilst otJe11 attention involves moving the eye to focus 

on an object (a sa«aJe), covert attention may be described as mentally focussing on an 

object. Covert attention serves as the mechanism whereby humans may detect change 

within a scene without explicitly focussing the eye upon it. In this case, there is no physical 

movement by the body to respond to the object, although the user is visually aware of it. 

This deployment of attention occurs much faster than an overt response, and is preferred 

for situations such as detection of bright or fast moving objects where overt attention is 

unnecessary. In comparison, covert attention is incapable of shape detection, which 

requires a focal response and thus overt attention. However, it was originally assumed 

covert attention was deployed in order to establish the need for an overt response. These 

characteristics were identified in a series of experiments by Posner, Snyder, and Davidson 

[PSDSO]. 

The assumption that covert attention preceeds an overt response is disputed by Findlay et 

al. [GHF99]. A number of subjects were studied in situations requiring overt attention. The 

common theme of these tasks was shape recognition, with activities such as reading being 

used to force subjects to deploy overt attention. Whilst doing so, the rate at which saccades 

occurred was studied. A conclusion was reached that the rate of saccadic movement, 

particularly in the case of reading, occurred so frequently covert attention could not, 

according to the response times obtained by Posner et al., have been deployed sufficiently 

rapidly prior to each saccade in order to determine the new location on which to focus. 
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However, further analysis suggested covert attention was still used in order to obtain some 

information prior to each saccade. Thus Johansson et aL [JWBOl] proposed a theory that 

deployment of overt and covert attention is task-dependant, following experiments 

showing some simple tasks can be performed without overt attention, yet efficiency 

increases through its use. Looking more directly at research into covert attention, a variety 

of modds exist, which partly conflict due to a lack of theoretical consensus, as noted by 

Wood et aL [WCC06]. In the following sections, several modds of attention are discussed 

in order to illustrate both the difficulties in creating a ubiquitous modd and the current 

understanding of the phenomenon. The first two modds presented in the subsequent four 

sections include Broadbent's early notion of attention as a filter, which may be viewed as 

analogous to the interest management filter applied in virtual environments, and spotlight 

approaches, which represent attempts to provide an approximation of attention as a 

spotlight operating within the fidd of view. The final approaches described include top

down and bottom-up models, and Feature Integration Theory, both of which are used 

extensivdy throughout the techniques described in Chapter 3. 
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2.4.1 Attention as a Filter 

Some of the earliest works seeking to quantify attentional responses to stimuli, such as the 

dichotic listening test of Cherry mentioned in section 2.2, alongside Broadbent's research 

[Bro59], define attention as a filter. As previously noted, such models are based on the 

underlying assumption the brain has a finite ability to process stimuli, and thus a filter is 

required to determine the most relevant information within this. Models centred around 

this notion seek to determine the characteristics of this filter, with much empirical work 

placing the emphasis on attempting to measure the limitations of perceived versus actual 

stimuli in an attempt to quantify the filter. 

Considering the complex visual case, it can be simply demonstrated that a finite capacity 

for visual processing exists. Referring back to the previously cited works of Helmholtz, a 

variety of simple experiments can illustrate that the ability to interpret visual information is 

limited - not all visual information reaching the retina is consciously observed. Helmholtz 

illustrated this phenomena by simultaneously generating sparks within a subject's field of 

view, demonstrating that limitations exist on the number of events observable based on 

characteristics such as the duration and distance from the centre of the field of view (the 

joveaJ angle). The results are also biased by a user's expectations and experience within the 

experiment, indicating higher cognitive processes being fundamental to perception. Whilst 

the filter-based model represents the overriding view of attention within the early half of 

the 20th Century and the majority of research, it ultimately proves inadequate to describe 

the entire process of attention. The large volume of contributory factors in response to a 

stimuli, coupled with the biological complexity of the brain, result in many difficulties 

expressing the filtering mechanism definitively. Of particular note when considering this 

model is the difficulty of integrating task-driven behaviour alongside a model seeking to 

determine stimuli in tenns of absolute effects on perception - to give an example, a viewer 

actively searching a scene for a given object will perceive it differently to a subject simply 

shown the scene. Additionally, the difference in subjects makes a ubiquitous model hard to 

define - such discrepancies are shown to effect the success of a model in the work of 

Wedell [Wed94]. Ludwig and Lachnit [LL04] additionally suggest perceptual characteristics 

may be modified by training and experience, further complicating the situation. The Stroop 
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Effect [Str35] shown in Figure 4 demonstrates the strength of the impact learning and 

experience can have on initial perception. An observer instructed not to read the words but 

simply list the colours they are printed in typically experiences a first inclination to list the 

words and thus answers incorrecdy. Stroop argues this indicates a conflict between the 

basic property of an object, and its learnt meaning. 

red 

yellow 

green 

red 

blue 

yellow 

green 

red 

Figure 4: The Stroop Effect (Adapted from [Str35b]). 

This effect of learning, experience, and task on attention is often described as a "top

down" effect (described in more detail in Section 2.4.3). It suggests an approach seeking to 

provide a ubiquitous model of attention as a filter of basic stimuli fails to encapsulate the 

many high level variables contributing towards the perception of a scene. However, the 

paradigm of attention as a filter may be extended to incorporate a wide variety of models 

that aim to represent sub-sections of the attentive process, including top-down aspects. 

With specific regards to vision, one of the more prolific models is as attention as a 

spotlight, discussed in the next section. In general, whilst the filter model has been 

repeatedly shown to be an oversimplification by a variety of examples such as the Stroop 

effect, it remains an overriding theme with considerable validity as a means of expressing 

the nature and role of attention. 
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2.4.2 Attention as a Spotlight 

A frequent metaphor for covert attention is as a 'spotlight' of attention, illuminating a 

section of the view sphere. 1bis concept was first proposed by Eriksen and Hoffman 

[EH72], [EH73], who attempted to identify the size of the spotlight in a number of 

experiments. The outcome of these experiments was a conclusion the spotlight could vary 

in size, but encompasses at least a single degree in the field of vision. Response time for 

covert attention, again drawing on the results of Posner et al., is dependant on the task and 

decreases if the person is given prior awareness of an object's location (such as seeing it 

move behind another object), but is typically in the order of several hundred milliseconds. 

Eriksen and St. James go on to refine the spotlight model to a 'zoom lens' model [ES86], in 

an attempt to better quantify the varying size of the covert attention spotlight; effectivdy 

stating attention can be focused in high detail on a small area, or on a larger area with 

coarser resolution. In this case, the spotlight is considered behaving exacdy as a 

mechanical zoom lens (Figure 5). This modd is consistent with a number of experimental 

results, which show a significant increase in the ability to perceive change within a scene if 

a user has no specific focus, such of those of Most et al. [MSSOO]. This particular study 

also seeks to analyse the relationship between distance from the spotlight 'beam' and level 

of change blindness; finding, however, that the relationship appears to rdate direcdy (and 

more simply) to the distance from the point of fixation. 

~ -- .-/ 

'--.... _---.. ----) 
V t 

Afocal System Focussing Lens 

Figure 5: A zoom lens system. As first developed by Kingslake [Kin60] 

In a zoom lens, motion of a central, concave lens and convex lens (shown leftmost in the 

above illustration), results in variable levds of magnification, dependant on the refractive 
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indices and curvatures of the lenses, and their relative distances. Eriksen and St. James 

apply this to covert attention by stating a similar, psychological mechanism varies the size 

of the spotlight. If attention may thus be treated as a spotlight projected from the viewer, 

with a fixed diameter of focus, it would relate well to the rendering model common to 

many virtual environments, which renders each frame from a given user viewpoint. 

The aforementioned research of Posner et al [PSDSO) differs from Eriksen and St. James 

also in its interpretation of the movement of this spotlight of attention. Whilst Eriksen and 

St. James propose an analogue model, Posner et al. suggest quantised behavior. Driver and 

Baylis [DBS9) consider more fully other aspects of the visual field, such as shape and 

colour, and argue the spotlight model breaks down since it views the visual field as an 

image, rather than a mental approximation of the world which takes into account other, 

top-down attentive features. Similarly, Duncan argues movement is of significance, adding 

further weight to the notion of the perceived field of view as a spatiotemporal surface 

[Dun84), which may not be adequately approximated as a static image. Tse et al. fI'SL03) 

seek to resolve these arguments by performing a number of experiments that exploit the 

notion of change blindness. The notion follows from Rensink's [Ren02) introduction of the 

concept of attention as being focused only on a single object at a time, building upon a 

substantial body of existing research around the notion of change blindness [RRC97]. 

Effectively, Rensink argues human vision consists of a stored, mental approximation of 

any given scene, with individual objects updated only when they become the focus of 

attention. Since this focus is restricted to one item at a time, it follows a human is more 

likely to be oblivious to change when focusing intendy on a given object. Tasks seemingly 

requiring multiple targets of attention (multitasking, as described by Gillie et al. [GB89]) 

such as juggling can be argued to be simply a sequence of rapid changes in attention 

[RenOO). 

Tse et al. use this principle to study attentional response throughout the field of view by 

inducing a flash of varying duration (accurate to within a millisecond) in the peripheral field 

of view, and measuring detection rates between observers rrsL03]. The experiment is 

based around the notion inherent to change blindness that attention has to be focussed 

upon a change in order for a change to be detected. Users were instructed to observe an 
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array of red and green cells. A white spot (flash) was then shown in one of four positions 

(25 degrees up, down, left or right of the centre of the field of view). A 47ms blank image 

then induced change blindness, and was followed by a final image with a random cell 

shaded white. The observer was tasked with maintaining fixation throughout the 47ms 

blank and detennining whether the cell shaded white was previously red or green. These 

results are illustrated in Figure 6, and provide an illustration of the field of covert attention. 

SOA=106ms 176ms 247ms 541ms 

Figure 6: Attentional Mapping. Attentional maps for three observers, taken from Tse et al. [fSL03]. 

The initial no-spot image shown in the top left of Figure 6 may be seen as the 'default' 

distribution of attention for the task in the absence of stimulus. Flash durations are 

illustrated against response success rates for spots appearing in 4 points within the field of 

view. The bar on the left shows the probability of response occurring by chance (P) 

alongside the indication of success rate corresponding to the colour. 

Tse notes that "After the cue flashed, the hot spot elongated significantly." ([fSL03] p. 7) 

indicating that a stimulus causes an abrupt redistribution of attention to accommodate the 

stimulus. Of further note was an inclination for attention to focus upon an axis - if drawn 
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to the left dot, for example, the region elongates not only towards the dot on the left but 

also towards the right hand side. Thus a degree of symmetry is suggested with user's 

focusing on either a vertical or horizontal region. Accuracy was also shown to be lower on 

the vertical than horizontal axis, again reinforcing the theory that human perception has 

evolved to prioritise objects on the same vertical level suggested at the beginning of this 

chapter. 

Tse et al. suggest that using their change-blindness method alongside more complex images 

may result in visual 'hot-spots' which align with contours and objects within the scene. 

lbis contradicts earlier work such as that of Broadbent [Br082], and the filter model by 

suggesting attention is not distributed uniformly over a wide area. Nakayama et al [NHS95] 

demonstrate that focussing attention upon an object on a surface implies that objects co

existing on the same surface will have a higher attentional relevance. Taken alongside one 

another, the results of Duncan and Driver and Baylis, alongside other recent work such as 

that of Shomstein and Yantis and Riddoch [SY02] suggest attention may operate on an 

object-based rather than location-based level. 

Whilst a zoom lens model would suggest the time taken in 'refocusing' attention on a new 

area would be related to distance, Kwak et al [KDE91] indicate attention shifts are 

instantaneous (to the extent of all measuring apparatus), regardless of the distance between 

regions of attention. Eysenck et al. [EK90] also succeed in demonstrating an inadequacy in 

the zoom lens metaphor by means of an experiment providing stimuli in a series of 

concentric rings. With attention deliberately focussed on a middle ring, a spotlight model 

would imply a bias towards the detection of stimuli within an inner ring (see Figure 7) over 

the outer region. However, with the participant focussed on the middle (grey) ring, they 

were less aware of stimuli in the central ring than a circular spotlight would imply. Hence, a 

circular spotlight was shown not to be the case in this situation, leading to the conclusion 

that the shape of the spotlight may potentially by dynamic. Despite such results, the 

method shows the capacity to approximate attention effectively, as illustrated by the initial 

work of Eriksen and Hoffman [EH73]. 
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Figure 7: Limitations of the Spotlight Model. 

In summary, the spotlight model, as proposed by Eriksen and Hoffman, proves an 

approximation of attention, with certain situational weaknesses. The experiment by Tse et 

al. reinforces the notion of a predominately circular spotlight, with certain minor deviances 

such as the tendency towards a slighdy elliptical fonn due to a predisposition towards 

objects offset horizontally from the centre of the field of view, compared to those offset 

vertically. Whilst this model can be shown to break down when a subject is instructed to 

deliberately focus their attention on a given area (and, thus, may be equally prone to 

naturally breaking down when an individual specifically engages their attention upon a 

visual search task). However, in the majority of experiments such as those by Eriksen and 

Hoffman or Tse et al., approximately circular behaviour is observed, with the phenomena 

in Figure 7 being a deviation from the nonn. The basis for this deviation is the specific 

relationship between task and attention, from which emerges the notion of top-down 

attention, described in the next section. 
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2.4.3 Multimodal Attention 

A more complex view of attention is as a multimodal process, well defined by Pashler et aL 

[pas98], in which attention is defined as a combination of both /ojHIo1ll1l and bo1to11l-11jJ 

processes, invoked in a series of stages. Top-down processes are driven by a subject's task, 

knowledge, and experience, whilst bottom-up processes represent more primal responses 

to stimuli. Pashler notes that one key difference between bottom-up and top-down 

processes are that bottom-up processes are involuntary - a fact of considerable use in any 

attempts to determine the likelihood of an object within a virtual environment being the 

focus of attention, since it may be removed from its context and viewed on the basis of its 

properties alone. The subsequent section describes how feature integration theory utilises 

this separation in order to identify a series of criteria with which to establish a "saliency 

map" - in essence a map of values representing perceptual relevance. Within a multimodal 

approach, bottom-up components comprise attributes such as colour and orientation, 

whilst facilities also exist for top-down analysis specified directly to meet the needs of a 

given application. &1to11l-11jJ processes are hence commonly defined as natural reflexes; if, 

for example, something moves quickly towards a human, it becomes the focus of attention 

regardless of context. T op-Jown processes represent a more cognitive level of processing, 

and allow the use of experience and knowledge to determine the focus of attention - to 

give another example, an air traffic controller may focus very intendy on a screen which 

may have litde attentional relevance to an untrained passer-by. Whilst models of attention 

as top-down or bottom-up processes are in many respects complementary, their separate 

nature allows for individual discussion of each notion. 

Research into bottom-up attention focuses on natural, biological responses to stimuli. 

Innate responses to stimuli are evident throughout the natural world, from the reaction of 

pulling back a hand that brushes against a hot surface to the path of moths to a flame. 

Restricting ourselves again to the visual case, characteristics likely to evoke a bottom-up 

response as taxonomised by Thewes lThe93] include: 

• ColoMr, and more specifically the conttast of an object with surrounding colour; 
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• Relative motion; with objects near the periphery of the field of view being particularly 

emphasised. as shown by Poggel et al. [PSMOS]. Rapidly moving objects in the 

periphery of the field of view evoke a particularly strong attentional response; in 

the case of the work of Poggel et al. overriding a central cue in many situations. 

This is likely an evolutionary response to perceived danger from fast approaching 

predators; 

• S;~ where width and height (or any dimension) may be considered independendy; 

• Edges; being defined as continuous regions with a high contrast to their 

surroundings; 

• Brightness,· With a logarithmic scale of response to intensity as described by the 

aforementioned Weber-Fechner law (Section 2.2). 

The earlier research of Yarbus [Yar67] and more recendy Hillstrom and Yantis [HY94] 

illustrates a particular bias towards changes in colour and sudden movements when 

evoking attentional response. Bottom-up models have the advantage of expressing 

attention in tenns of external properties of objects, and thus being simple to model. This is 

of particular interest with respect to virtual environments, since such environments are 

typically represented in a way which easily maps to bottom-up models, as a series of objects 

with defined motion, colours and geometries (from which may be inferred size and edges). 

Subsequendy bottom-up models have been applied to a variety of virtual environment 

applications - Peters and Sullivan utilise a bottom-up approach in determining the gaze 

direction of "virtual humans" [PS03]. In this case, a virtual environment is populated with 

computer-controlled occupants whose direction of gaze is controlled by a bottom-up 

analysis of their surroundings. The aim is to provide a more natural and realistic movement 

from these virtual humans, and has potential applications when creating believable virtual 

agents. Work such as that of I.e Meur et al. [LLB06] has sought to unify and develop 

bottom-up models of attention into a comprehensive computational model. A 

comprehensive model would offer many benefits, yet it remains important to note that 

bottom-up models alone fail to accommodate the full process of attention - this requires 

integration with top-down techniques. 
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Whilst bottom-up attention seeks to extract primitive features and thus provide a data

driven means for predicting saliency, primitive features alone cannot represent the sole 

criteria by which objects draw attention. Consider, for example, the case of an artist 

reaching for a coloured pencil in a jar full of differendy coloured pencils when creating a 

sketch. Whilst certain colours of pencils in the jar may visually appear more striking, the 

attentional search is ultimately focussed on selecting a specific pencil to suit the current 

goal. Research such as that of Corbetta and Shulman [CS02] and Wolfe et al [WHK04] 

reinforces the notion that a goal-driven aspect to attention exists. This aspect of attention 

forms the basis for top-down models of attention. 

Top-down models are frequendy expressed as "driving" the bottom-up processes 

[CEY04]. Walther et al. suggest top-down processing can be shown to take in the region of 

20ms longer to invoke [WFK06]; furthermore an experiment series suggests the time to 

deploy top-down attention remains constant for an individual, regardless of task. This 

indication of top-down attention as a more cosdy neural process corresponds to greater 

difficulties and complexities in creating adequate models, compared to bottom-up 

attention. In particular, since top-down processes are driven by goals and experience, these 

goals and experience must be known, measured or approximated by any model before it 

can attempt top-down processing. This is subsequendy reflected in the relatively limited 

number of attempts to implement top-down models of attention in a computational 

context. 

This said, providing the facility exists to determine the goals of individuals prior to the task, 

it is possible to attempt to model the effects of top-down attention. As research suggests 

top-down processes are used to drive bottom-up responses - for example the learnt fear of 

a predator increases bottom-up response to sudden movement or certain colours [CEY04] 

- multimodal attention is frequendy modelled as a series of layers, with top-down 

processes occupying the higher levels. Applications include robotics, where such models 

are applied to provide more realistic behaviour and increased functionality. [HHFOS]. 
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2.4.4 Feature Integration Theory 

Feature integration theory, as defined by Treisman and Gelade in 1980 [fG80], has proven 

one of the most compelling and influential theories of perception. Feature integration 

theory suggests the capability of humans to identify objects as a collection of stimuli - an 

apple, for example, as an integration of physical object, visual object, taste, and smell. 

Valdes-Sosa et al. [VBR98] describe the ability to perceive objects in such a fashion to 

imply the ability to compound multiple characteristics into a whole. The theory itself is 

complex, and beyond the scope of this chapter, although of interest are the specific 

implications for visual attention. 

In the case of a model focussed purely on visual processing, Treisman suggests the visual 

system builds separate feature maps when viewing a scene. The nature of these feature 

maps may be related back to the innate characteristics of scenes naturally afforded 

attentional relevance (as defined by bottom up attention) and higher cognitive recognition 

of features (from top-down models). Feature maps are then combined into a saliency map. 

The concept of saliency is taken literally to mean a map representing the relevance of a 

visual scene. Treisman goes on to suggest a relationship between these maps and cognitive 

search processes; in effect theorising that the brain holds a saliency map of the visual scene 

and then performs search tasks upon it. Two differing types of visual search are defined 

within the model, feature search, and conjunction search. Feature search is a rapid, covert 

search based on primitive features of objects within the visual field, and lies at the core of 

out ability to recognise and track objects moving within the field of view. The process is 

summarised by Treisman as follows: 

IIWe aSSl~me that the virMaJ Smle is iniJiaJ!y eotkJ along a nllmber of separable dimensions, SIIch as color, 

orientation, spatial .freq1le1lfJ, brightness, diredion of movement In order to re{()11lbine these stparalt 

representations and to IflSIIre the coma !J1Ithesis of ftabms for each objed in a complex di.rp~, stimllbu 

I«ations are proasseJ seriaJ& 1IIith jo&aI altmtion. AI!}' jeal7lres ",IMh are present in the same mltral 

''.fixation'' of altmtion are &'011/bineJ to form a single obje&t. TJms jo&aI altmtion p",vitiu the ''gllle'' ",hich 

integrates the iniJiaJ!y separable ftablres into llnitary objeds. "- T reirman (I'G80 J 
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Conjunction search by comparison represents the ability to identify a substantially more 

complex object, and is much more time-consuming - an example would be searching 

through a crowd of faces within a stadium to identify an individual. This forms a basis for 

the notion of multimodal attention, as discussed in the previous section. 

A particularly noteworthy aspect of Treisman's approach is the suitability to computational 

modelling and image processing. Introducing the notion of salienry values - numerical 

measures of the likelihood of a region of an image to evoke an attentional response - the 

concept of the salienry map is formed. Saliency maps are commonly rendered as greyscale 

images, with pixel colours corresponding to saliency values (illustrated in the next chapter). 

By comparing the map with the original image, the most salient regions may be identified. 

Walther et aI. [WIR02] demonstrate such an approach, analysing regions of images based 

upon their contrast to the surroundings, and deviation from the horizontal centre of the 

image. The results of such an approach for a single image are shown in Figure 8. The 

saliency map illustrates the regions given highest sensory priority (and hence those in which 

change detection is most likely to occur) as lighter shades of grey, with the most salient 

areas shaded white. 

Figure 8: Original image Oeft) and saliency map (right). Taken from [WIR02]. 

A possible interpretation of Feature Integration Theory is in providing a link between 

focus (and thus gaze) and attention. In Treisman's description of focal attention as the 

"glue" providing the information used for feature integration, it can be seen that models 

such as the aforementioned spotlight model, may work in tandem with bottom-up 
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interpretations of object properties. Itti [Itt05] notes that feature integration theory itself is 

the foundation for all computation models of attention. The potential for practical 

applications of computational models is demonstrated by Itti and Koch [IK99] , in 

developing methods to analyse photographic images to autonomously detect military 

targets. Computational models of attention primarily offer applications in the ability to 

autonomously process large (or large numbers of) images. Whilst having an initially 

militaristic use in target detection, this can be applied directly to a render of a frame within 

a virtual environment, and provides the potential for identifying likely objects of focus. 

Scene Feature Extraction Feature Map Model Of Attention Saliency .. . Map .... .. 

F"1gUtt 9: A Computational Mood OfVlSual Attention 

Figure 9 illustrates the most common approach to computationally modelling attention, 

with the clear parallel to feature integration theory made evident by the central use of 

feature mapping. A source image is first processed by a feature extraction algorithm. 

Feature extraction itself involves converting the raw pixel data of the image to create an 

abstract representation of the scene. The method used may vary significantly; either being 

based around simple image-processing filters such as edge detection [Can86] , or more 

complex approaches which consider a number of linked effects in an attempt to more 

accurately model the phenomena inherent to the human visual system. The second stage in 

this model involves the direct application of a model of attention to the feature map, in 

order to create a resultant saliency map. The saliency values within the map may be 

interpreted as being proportional to the likelihood that an observer will fixate upon a point 

in the scene. 

The process is spatiotemporal in nature; in human vision motion is a crucial aspect of 

attentional focus, and hence the incorporation of methods that consider the evolution of 
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an image over time offer more accurate results. Many attempts to generate saliency maps 

focus on the bottom-up characteristics of objects in order to determine which areas within 

a scene are likely to attract involuntary attention. Yee et al. [ypG01] propose such an 

approach which analyses rendered frames, taking into account earlier frames in order to 

consider temporal effects and generate a saliency map. Figure 10 illustrates the results of 

this approach for an individual frame. Shown are the original three-dimensional scene, 

rendered from a given viewpoint, and defined saliency map The object on the left of the 

scene, which moves, generates a higher resulting saliency as can be evidenced from its 

prominence on the saliency map. Furthennore, the background image, through its 

complexity, evokes a higher priority than the surrounding wall. 

Figure to: Saliency Mapping using the method applied by Yee et al. [ypGOt]. 

Saliency mapping has several main applications. A primary role is within the automation of 

image processing, reducing the need for humans to analyse large volumes of data by hand. 

The previously mentioned military application falls into this category. Ho et al. [HCP03] 

describe a framework to detect a user's focus, and go on to apply it to digitally watennark 

media in the least salient areas, to minimize the impact the watermark has on the perceived 

quality. Chapter 3 focuses on the application most relevant to virtual environments -

increasing performance by filtering out unnecessary details and better allocating resources. 
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2.5 Summary 

In this chapter, a background summary of theories regarding human visual attention has 

been presented. Primarily, an emphasis has been given to demonstrating the ability to 

mood attention as a filter, and theories arising from this assumption (and to address its 

limitations). One such mood, the spotlight approach, seeks to approximate attention by 

comparison to a zoom-lens. Hence the notion of attention as being focussed around a 

point is established. Experimental evidence reinforcing attention as a focussed entity has 

been illustrated through examples such as the research ofTse et al. [I'SL03]. 

Additionally, common phenomena such as change blindness, and the tendency to consider 

objects on the same horizontal plane with higher relevance, have been demonstrated. Such 

factors remain a consideration when devdoping approaches within virtual environments, 

and are noted within the next chapter. Alternatives to the spotlight mood, such as more 

complex feature-integration approaches, have also been presented. Both of these methods 

serve to provide a basis for visual-attention based rendering approaches, discussed in the 

subsequent chapter. Additional factors such as top-down and bottom-up notions also form 

a basis for existing interest management approaches, and are again discussed in the 

subsequent chapter. 

The next chapter hence utilises the moods presented within this chapter in order to 

consider their application within virtual environments. In particular, an emphasis is placed 

on the relationship between attention as a filter, and interest management as a filter. Thus 

whilst this chapter has provided a background into general theories of visual attention, the 

next chapter includes case studies of applications within virtual environments in order to 

emphasise current limitations and assumptions. 
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3 Visual Attention and Virtual Environments 

In this chapter, the relationship between the research fields of human attention and virtual 

environments is presented. Having presented in Chapter 2 a series of models of visual 

attention, this chapter emphasises the link, both explicit and implicit, between human 

attention and virtual environments. Section 3.1 seeks to reinforce the relationship between 

perception and virtual environments in a general sense, presenting research that 

demonstrates a clear relationship between theories of human perception and virtual 

environments, in defining such notions as presmct and believability. Hence it rapidly becomes 

established that theories of perception based around real-world observations, such as those 

in Chapter 2, may be applied to virtual scenarios. 

Such applications form the basis for much of the remainder of the chapter. Section 3.2 

details the use of visual attention in rendering three-dimensional scenes (a task common to 

all virtual environments). Interest management is presented as a similar application of 

perception to virtual environments; as effectively a filtering task that serves to present a 

user the most believable environment possible. It aims to do so by presenting the most 

relevant network data with the highest quality available. Doing so allows the creation of a 

more believable simulation, wherein objects and avatars that are most relevant to the user 

exhibit smooth and uninterrupted motion. Thus, all methods must, to some extent, make 

assumptions regarding the perceptual traits of a user. Whilst many methods fail to 

recognise an explicit link to theories of attention, all methods can be hence related to 

human attention. Section 3.3.1 serves to express this notion more thoroughly, and 

emphasise the link to perceptual theories within Chapter 2. 

Section 3.3.2 provides a more in-depth analysis of existing methods of interest 

management. Subsequently, the chapter concludes by discussing the limitations of such 

methods, and offering suggestions as to how a more thorough inclusion of perceptual 

models may offer benefits. Arising from this discussion is the unexplored potential of a 

spotlight-based approach, which forms the basis for the remainder of this thesis. 
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3.1 Perception and Believability 

IfDe.rigpm of aU stripes 11I11St mnember thai perception and reality inierad in compltx 

III'9S, and qberspaa is an arrhe!JPal exampk of the pheno11lenon. II - Cllrtis Frye 

[Fry06} 

Experimental psychologists have long been using computer technology to explore the 

nature of human perception - the technology offers the ability to rapidly present users with 

images and study response times with much greater ease than before its advent. In 

comparison, only within the last few decades have computer scientists exploited research 

into perception, seeking to gain performance by optimising systems to the perceptual 

characteristics of the user. This can be seen to be a consequence of the recent and rapid 

evolution of computer graphics from providing simplistic two-dimensional text displays to 

creating detailed three-dimensional worlds, with multimedia content. Applications of such 

environments are extensive, yet they are universally constrained by limits on rendering 

speed, and in the case of distributed virtual environments, network bandwidth. 

With respect to both these limitations, the exploitation of human perception can be seen to 

provide an obvious route for optimisation. Whilst content may be highly detailed, in reality 

a user's visual attention will only be focussed on a small area of the display at any given 

time, and thus visual attention may be applied as a filter, removing or simplifying less 

relevant areas and improving performance. One such example discussed later in this 

chapter is the work of Reddy [Red97] , optimising three-dimensional geometry by 

simplifying perceptually irrelevant meshes. The link between such methods, and interest 

management approaches, which are, in effect, a similar filtering mechanism with more 

clearly defined parameters, is emphasised. In both cases, the goal is to improve 

performance whilst ensuring the uset's experience remains constant. Defining the criteria 

that make up this user experience is another psychological question, and works into the 

notion of 'believability' within a virtual environment. 
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A long-tenn goal in virtual environment development is the creation of environments 

sufficiendy sophisticated to be comparable to the real-world. Towards this end, 

understanding what characteristics of a simulation affect its perceived realism is of obvious 

value. Kim et al. [KDEOO] utilise the tenn 'believability' to define a two-layered model in 

an attempt to classify the various aspects of virtual environments of greatest concern when 

creating a real-world simulation. In this model, the first layer consists of three fundamental 

aspects of the system - immersion, presentation, and interaction. Immersion deals with the 

relationship between human sensory input and system output. The further human senses 

are exposed to external stimuli, such as background noise, the lower the level of immersion 

and hence the less believable the environment. This also applies heavily to visual and tactile 

stimuli; whilst a monitor-keyboard-mouse arrangement is certainly sufficient to allow 

interactivity within a virtual environment, it remains inadequate in terms of immersion. The 

next concept, presentation, refers to the content of the environment. A user is far more likely 

to find an environment believable that includes accurately sampled sounds, high-definition, 

photorealistic texturing and complex geometry. A simple out-of-place texture or 

inappropriate sound can have catastrophic effects for believability, as metrics of immersion 

such as the perfonnance indications and cognitive surveys applied by Pausch et al. 

[PPW97] demonstrate. 

The final notion in the first layer of the model proposed by Kim et al., inleradion, applies to 

the level of interactivity pennitted both on a hardware level, but also with respect to the 

capabilities of the environment. Environments frequendy implement real-world physics 

such as those provided by the HAVOK engine [Hav06], since the increased immersion 

provided by a Newtonian model of action-reaction is substantial. Typically, users expect 

objects to collide and behave in a realistic fashion, and the static geometry of early 

environments is inadequate in this respect. Of further note with regards to multi-user 

environments is the extent of user-to-user interaction; typically such interactions are both 

the most important and complex for an environment to accommodate, due to the degree 

of chaos in their nature (e.g. users may attempt to simultaneously interact with the same 

object, or converge on a location), and also their complexity. Human avatars themselves 
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provide a challenge in creating believable geometry and motion, as Reitsma and Pollard 

[RP03] highlight in developing metrics for believable motion. 

'This leads to the second layer of the model proposed by Kim et al., which emphasises the 

importance of emotion and personality in providing believability. Accommodating such 

aspects of human behaviour requires a fine degree of control over the animation and 

behaviour of avatars within the virtual world, both in terms of their visual representation 

and the means in which the avatar interprets the behaviour of its human controller to 

mimic their emotive state correctly. Existing systems adopt a number of novel approaches 

in order to achieve this, with a limited degree of success, including analysing text typed in 

by the user [OPIOS], whereby certain words evoke a facial response, to allowing the user to 

explicidy define their mood and configuring their avatar's animations accordingly [DW97]. 

An additional recurring factor that has a significant impact on believability is consislenfJ. In a 

study on immersion Robertson et al. [RCD97] looked specifically at the relationship 

between user and standard desktop PC as an interface for virtual reality, and compared it to 

head-tracked systems. Robertson claims "immersion should not be equated with the use of 

head-mounted displays: mental and emotional immersion does take place, independent of 

visual or perceptual immersion", an opinion reinforced by Csikszentmihalyi and Kubey 

[CK81]. Thus a further discretisation of the concept of believability between psychological 

and perceptual levels is identified. The role consistency plays is one of 'drawing in' the user, 

such that they experience a perceptual shift between simply viewing the screen and existing 

within the environment. Breaks in consistency, such as those induced by low framerate, or 

discontinuities in world content, are shown to have a significant negative impact on 

immersion. As a final consideration, the work of Zeltzer et al. (Zel92] expands upon the 

concept of presence. This is often defined as a state wherein users beBeve the virtual world. 

Hence the previously mentioned factors all contribute towards achieving presence, which 

can easily be described as an ultimate goal for virtual environment designers - as evidenced 

by the virtual environment journal that shares its name with the term. 
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All of this work reinforces the assumption that real-world studies of perception and 

attention may be employed, to at least some degree, within a virtual context. In the 

previous chapter, the concept of feature integration theory and several models of attention 

were discussed. 1bis next section now goes on to present further evidence for this 

relationship between perceptual. theories and virtual environments, by describing the 

application of such models of attention and their potential benefits within three

dimensional rendering. In particular, theories that seek to define saliency maps via image 

processing offer a means to optimise the rendering process. Thus the emphasis of the 

following section is in detailing approaches intending to exploit visual attention to 

accelerate the rendering process. 
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3.2 Visual-Attention based Rendering 

In the case of interactive three-dimensional environments, the classical approach to three

dimensional rendering fonns the basis for optimisation methods seeking to exploit visual 

attention. In this approach, objects are represented as a composite of vertices and edges, 

which may be simply rendered as a wireframe image by drawing the edges between vertices 

following a transfonn of the vertex locations according to view position. Wireframes for a 

collection of simple objects are shown in Figure 11. 

Figure 11: Wireframe renderings of (from left) a cube. icosahedron, and sphere approximation. Taken 
from [WF06] . 

Such an approach has limitations with respect to curved and continuous surfaces, which 

must be approximated as shown in the case of the sphere, but offers a standardized model 

which may easily be supported by hardware engineered to perfonn high-speed triangle 

rendering (since all meshes may be subdivided into triangle strips). Incorporating 

perceptual optimization within computer graphics implies firsdy creating a perceptual 

mechanism capable of selectively discriminating between objects in the world, and 

secondly providing a means to translate such selection into polygon structure and level of 

detail. 

Funkhouser and Sequin [FS93] illustrated one of the earliest attempts to apply such 

integration when considering a three-dimensional walkthrough of an architectural model 
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(10 this case Soda Hall, one of the principal buildings on-campus within Berkley University 

in California). The method adopted relies on objects being pre-specified with various levels 

of detail - in effect the environment must be discretised into a collection of "objects" and 

each one modeled at several levels of detail. A perceptual selection process subsequently 

determines which level of detail should be used on a per-object basis by weighting four 

criteria prior to rendering the frame: 

• Semantic, representing the inherent weighting certain objects may have (Funkhouser 

et al. use the example of walls being more important than pencils to the subject of 

a building walkthrough). This may be seen as inherently accommodating the top

down model of attention described in Section 2.4.3, wherein an objective-drivcn 

view of perception is assumed. 

• FOC1IS, considering the visual focus of the user and its subsequent impact on a 

perceived scene. A simplification is made that the focal point of the user exists at 

the centre of the screen viewed at all times. Whilst this is an approximation, the 

method still gives good results suggesting the tradeoff (given the massive 

complexity of estimating focal position to a degree of accuracy) is viable. It relates 

directly to the spotlight approach described in Section 2.4.2. 

• Motion blNr, accommodating the spatiotempotal nature of perception to an extent, 

although rather than weighting moving objects more highly, Funkhouser et al. 

make the assumption motion blur will reduce the perceived detail, and 

subsequently rrtiNa rather than increase the detail on fast moving objects. 

• f:!ystmsis, to correct an implementation-level issue wherein rapid changes in level of 

detail for objects near the threshold result in a perceived effect. An object rapidly 

oscillating between levels of detail tends to draw a user's attention, and thus such 

oscillation is reduced by decreasing the perceptual weighting of objects which have 

recently shifted level of detail. 
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In order to accommodate these disparate concepts, an algorithm is created which uses a cost 

versus benefit approach to determine the level of detail. Cost is estimated by analyzing the 

impact of rendering objects on framerate, whereas benefit is a value generated by the 

application of the above perceptually-oriented weightings. Furthennore, the algorithm is 

engineered to attempt to maintain a constant framerate, and thus the allocation of objects 

to various levels of detail is dynamic dependant upon the cost of doing so. Figure 12 shows 

the level of detail weighting given to objects within the environment using the proposed 

approach. Darker shades of grey represent higher LODs. A frame using a static 

implementation of the method which seeks to simply allocate level of detail based on 

perceptual criteria is shown on the left. The optimized model, which attempts to maintain a 

constant framerate, is illustrated on the right. Note the higher relevance, more complex 

geometry towards the centre of the image. The higher resolution of this geometry is 

provided by issuing it with a higher inherent weighting, resulting in it being rendered with 

higher quality than the seats in the middle-ground, despite being more distant from the 

viewer. 

Figure 12: Adaptive Level-Of-Detail (LOD). Rendered scenes utilising the method proposed by 
Funkhouser and Sequin (taken from [FS93D. 
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Funkhouser et al. successfully provide an effective means for supplying a constant 

framerate within an environment ranging from simple to complex regions of geometric 

detail. The method has a variety of drawbacks; notably the need to specify the environment 

on an object-based level and at varying levels of detail. Hence the method requires 

considerable time to integrate into an environment and its compatibility and success is 

related to the ability of content designers to create and specify objects well (taking the 

above screenshot, what if all the chairs were specified as a single object?). The approach 

relies on discretised levels of detail being stored for all objects, and used as determined by 

the perceptual analysis of the scene. Discretised level of detail has been used extensively 

throughout previous decades (being first implemented by Clark as early as 1976 [Cla76]), 

although subsequent research has centreed around a continNONS approach to level of detail, 

whereby the polygon mesh representing objects is modified continuously at runtime to 

define the total number of triangles rendered in a scene. This allows the level of detail to be 

detennined dynamically, rather than relying on pre-generated models. The work of Hoppe 

[Hop96] into progressive meshes illustrates the feasibility of such approaches. 

Attempting to overcome a discretised level-of-detail approach and provide a more generic 

means for analyzing geometry on a perceptual level, Reddy [Red97], seeks to provide a 

generic optimisation technique for the rendering process of any three dimensional scene. 

By analysing a user's perceptual traits, such as their tendency to focus on the centre of the 

screen, and subsequendy reducing the level-of-detail for perceptually irrelevant objects a 

solution is provided which Reddy ultimately claims to offer a "four to five-fold increase in 

frame rates with no perceived loss in visual quality" ([Red97] p. 3). The approach itself uses 

a generic algorithm for triangle-reduction in geometry, alongside a saliency-map based 

approach that seeks to analyse each frame and thus identify less perceptually important 

areas of the scene. Once identified, the level-of-detail within these areas may be reduced 

with no detectable difference to user experience. Factors going into this analysis include 

the size and angular velocities of objects, and the degree to which they exist in the 

peripheral field of vision. Similar methods have been successfully applied to ray-traced 

rendering methods with further success [MRTOO] 
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Sundstedt et al. [SDL05] propose a refinement to the rendering pipeline that 

accommodates visual attention. The goal of such refinement is to provide a means to 

selectively render animations with no perceived loss in quality. The ultimate goal of such an 

approach is to accelerate the high-quality, pre-rendered animations produced by the 

research such that they may be presented in real-time. Sundstedt et al. employ two 

mechanisms; select£ve guidance, which incorporates a saliency-based perceptual model, and 

selective rendering, which comprises the existing, non-attention oriented rendering process. 

Resources are allocated using the selective guidance model, then each frame rendered 

accordingly. Selective guidance incorporates a model of attention seeking to accommodate 

top-down and bottom-up attention by means of the creation of individual saliency maps 

which may be combined to produce an "image map" of perceptual relevance, as shown in 

Figure 13. From left in Figure 13, the original image is shown, followed by a map of 

objects specified as being task-oriented (and hence the focus of top-down attention), the 

resulting task map, the saliency map generated on a per-pixel basis, and combined "image 

map" of the scene. 

Figure 13: Modelling attention using the approach proposed by Sundstedt et al [SDLOS). 

The approach of Sundstedt et al. is aimed at a ray-traced approach to rendering, which 

particularly suits saliency mapping since the ray traced image is calculated on a per-pixel 

basis (by comparison, the less CPU intensive scan-conversion approach to commonly used 

in real-time interactive environments projects the scene based on viewer co-ordinates and 

geometric information). Ray-traced images provide a higher visual quality, serving to 

provide physically accurate simulation of the phenomena normal mapping simply seeks to 

approximate. Ultimately, a ray-traced approach that perfectly models all physical 

phenomena affecting each rendered pixel could be seen as providing a 'perfect' image; i.e. 

one which is identical to taking a real-world photograph of the scene. Hence optimisation 
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approaches that seek to work within ray-traced rendering are of particular advantage when 

considering the potential for increasing processing power and need for photoreal imagery. 

Note, however, that even using this approach some degree of predefinition of environment 

content is required: in the illustrated example the fire extinguishers and exit signs are defined 

as top-down objects of interest. Such definition prohibits the creation of truly extensible 

virtual environments since it implies an arbitrary restriction on content definition; exactly 

how can a content author predict the top-down attentional needs of all users? Indeed, such 

prediction is made impossible simply by the situational and user-centric nature of top

down attention. 

Brown et al. [BCP03] attempt to extend Reddy's approach by means of a model 

accommodating the four criteria of Size, Position, Motion and LNminance. The model first 

calculates importance as an absolute, Boolean characteristic with respect to these four 

criteria. For example, as Brown states: 

ILNminanr»-the IMminance ftahlT'e is cakNlated.from changes in IMminance vaiMes within 

the area of the projected boNnJing sphere of the objed. These IMminance vaiMes are 

caphlred.from a feedback hIIjfer projection of 10111 detail geometry. Ij there is a IMminance 

&ontrast of greater than 1 % within this area then the ftahlre is important, otherwise it is 

not." - Bf'01II1I [BCP03} 

This is subsequendy combined with a llltighting component, defined for each object, to 

provide an ultimate value indicating perceptual relevance. The approach may be seen as 

more comprehensive than Reddy's approach since it incorporates additional criteria when 

analysing importance; however it also illustrates the difficulties in producing a perceptually 

based system since the weighting values themselves are arbitrary. In effect they may be 

seen to represent top-down characteristics of attention; whilst importance may be defined 

by analysing easily measurable characteristics, a far more nebulous factor is incurred when 

considering the effects of goal-driven and learned attentional characteristics. Much as 
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Sundstedt et al. define objects as top-down objects of interest, so are Brown et al. forced to 

make assumptions about objects when creating their virtual scene. 

In the long-term, integration of models of attention alongside methods used to optimise 

and reduce mesh detail offers an attractive potential to increase perceived quality of 

rendered images, with no impact on processing demand. As such, the research may be 

taken as an example highlighting both the potential and limitations of the use of theories of 

visual attention in computer-generated environments. More directly in the context of this 

thesis, a substantial advantage may be recognised when top-down objects of attention are 

specified and hence bottom-up characteristics may be used exclusively to determine 

intereSt. When considering multi-user networked environments, interaction amongst 

clients in some form is typically at the forefront of applications. Hence, the objects 

pertaining to network traffic may be correlated to top-down components, if a users task 

involves them. Scene analysis is simplified in comparison to rendering by the fact only a 

small percentage of the environment content is typically shared via the network. 

In this section a variety of attempts to optimise the rendering process, via the application 

of models of visual attention, have been described. Such rendering processes form the 

means by which a virtual environment is transfonned from geometric details to a final 

rendered frame. In the context of distributed virtual environments, interest management is 

essential in providing this rendering system with the information regarding the positions 

and behaviours of networked entities for each frame. The next section considers more fully 

the role of the interest management process, and goes on to describe the current state of 

the art, both with regards to interest management itself, and the limited application of 

models of visual attention within the process. 
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3.3 Interest Management 

Before discussing the relationship between interest management and attention, it is 

important to clarify, on both a conceptual and practical level, what interest management 

means, in the context of distributed virtual environments. 

Consider first the case of a distributed virtual environment (DVE), which aims to mirror a 

real-world environment, to at least some degree. This includes the majority of practical 

applications of large scale, distributed environments, such as those detailed later in this 

chapter. In this case, each user is represented by an avatar, which has the capacity to 

interaCt with other users' avatars within the environment. World geometric and texture 

content is typically replicated across all users prior to run time, hence the network load is 

comprised entirely of updates regarding the positions and actions of avatars within the 

environment. Additionally, more interactive environments may incorporate other objects 

that may be interacted with at runtime (such as movable items or scenery). Each additional 

item also adds network overheads regarding updating its position and orientation, in order 

to maintain a consistent simulation amongst users. Collectively, all the objects and avatars 

within a DVE, which have attached network data streams, are commonly referred to as 

entities. Whilst environments (such as ActiveWorlds [AW06]) exist which seek to extend the 

networked content of the environment to include textures and geometry, this is commonly 

at the cost of visual quality and hence immersion. Ultimately, entirely dynamic and 

distributed content remains a goal of DVE design, although currently, providing a high 

quality of simulation for as few as several hundred entities within a static environment 

remains a challenge. Hence this thesis chooses to focus upon the current, rather than 

future state of the art, and seeks to consider interest management in the context of entities 

alone. 

Interest management may be seen as an attempt to address two themes representing a 

recurring challenge when faced with environments containing more than several dozen 

entities: /aJtnfJ and ba1llbWJth. Both arise from physical hardware limitations, and impact the 

quality of simulation within the virtual environment. Hence creating a believable 
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environment as defined within the previous section implies taking steps to reduce or 

eliminate the perceived impact of these two factors. 

Latenry describes the delay between transmission and receipt of data packets between 

clients on a network. Ultimately this is limited by the transmission medium and physical 

distance between clients; in the case of fibre optic cable the absolute limitation is the speed 

of light within the medium (approximately 2 x 108ms-1) . In practice, far more significant 

delays are induced by routing and server hardware. Cheshire [Che96] notes a delay in 

practice between US West and East coasts of ~86ms, whilst the strict limitation in a 

perfect scenario utilising fibre optic cable is -46ms. Additional delay is also induced by 

processing delays at end points on the network (packets must be assembled and 

deconstructed by clients). By comparison, in the context of networking, bandwidth refers to 

the absolute capacity of a network connection, typically measured in bytes per second. The 

lowest capacity node in the connection limits maximum bandwidth - in practice the 

majority of broadband Internet users within the UK experience connection speeds around 

2 MB / s, although the capacity varies significandy between countries. Figure 14 shows the 

download speeds provided by a cross-section of Internet Service Providers over a 14-day 

period. This analysis suggests a modal downstream rate of 1.6 MB/s. Upload speeds are 

typically reduced in comparison; a factor advantageous for multi-user VEs since clients 

typically only need to upload information on their own current state, whilst downloading 

state information on multiple viewed clients simultaneously. 

....I 'It ..... 

Figure 14: Average download speeds for 117 Internet Service Providers sampled (globally) over a 14-
day penod. Generated by [DSL06] . 
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A relationship between bandwidth and latency may be assumed, since a server overloaded 

with packets will respond by queuing packets, increasing latency. An ideal virtual 

environment thus makes as efficient a use of bandwidth as possible, in order to minimise 

the impact on latency induced by queued data. However, since even in the best case 

scenario latency remains present and hence techniques to reduce its impact direcdy are 

frequendy employed within virtual environments. A primary approach is the use of tltad 

reckoning, first employed by Zyda et al. within the DIS Protocol [IEEE95]; a recognition of 

the fact providing multiple users with a shared simulation is a far more complex issue than 

it may initially appear. The DIS protocol was the first attempt to formalise techniques -

primarily dead-reckoning - as a means to reduce perceived effects of latency. Objects 

within a DIS-defined environment have properties that can include acceleration and 

velocity, and also a £lag stating whether to use these properties in 2nd or 3m order dead

reckoning. It is important to note this close link between object properties and predictive 

algorithms - 2nd and 3m order reckoning, as the names suggest, take the 2nd and 3m order 

differentials over time of the position of an object into account, and hence the object is 

required to possess these properties (namely velocity and acceleration) to use these 

methods. More generally, it illustrates that to accurately simulate an object using predictive 

techniques, there is a need to provide (or extrapolate) not only set properties, but also their 

higher order differentials over time. 

The implications of the use of dead-reckoning on interest management are notable. In 

providing a means to predict the position of an object, the need for frequent updates on its 

position diminishes. In dead reckoning, each client independendy predicts the position of 

objects (mcluding other clients) within the environment using derivative polynomials, 

allowing their positions to be updated on a per-frame basis without the need for update 

packets to arrive each frame. Effectively, by analysing the velocity and acceleration (first 

and second order time-derivatives of the position, respectively) of clients, their position 

may be approximated. However, this technique has bandwidth implications since these 

derivatives must be added to packets, increasing packet size. Zyda [ZSOO] notes that pardy 

as a consequence of this fact, including higher-order derivatives beyond acceleration offers 

diminishing returns. Additionally, the technique serves only to ameliorate, rather than 

eliminate the effects of latency, since erratic movement from clients which deviates from 

the predicted path results in visible inconsistencies as clients ''warp'' between predicted and 
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correct positions as packets arrive. Additional algorithms, which seek to perfonn this 

correction with less perceptual impact or analyse behaviour to generate more accurate 

initial predictions, are a topic for ongoing research [CH04]. 

More efficient bandwidth consumption thus has advantages in allowing reduction in 

latency. It is in providing this efficiency that the notion of Interest Management arises. For an 

environment with thousands of users, simultaneous global state updates across all clients 

are impractical, since an individual client is, at any given time, unlikely to be interacting 

directly with more than a small handful of users. Establishing which users are of central 

concern to a single client is the role of an Interest Manager, and allows additional, less 

relevant clients to be ignored. Bandwidth reduction may be achieved by indMdng latency on 

less or non-relevant clients; increasing the update interval on these clients in order to 

generate more available bandwidth with which to decrease latency on the more relevant 

clients. The following section considers the variety of current means by which this 

relevance is determined, alongside the mechanisms by which bandwidth is preserved. 

However, before such consideration, this section seeks to provide a more comprehensive 

definition of Interest Management. Drawing from the previous discussion regarding 

latency and bandwidth, interest management may be seen as the mechanism whereby 

bandwidth limitations are addressed. 

Morse [MBD96] provides one of the earliest explicit definitions of Interest Management 

with reference to the DIS protocols developed by Zyda et al. [MPZ94] when implementing 

the first large scale distributed virtual environment, SIMNET. Noting that interest 

management is also often tenned "relevance filtering" and ''data mbsmpnon", Morse attempts 

to clarify and present the concept by means of taxonomy. The DIS simulation itself may be 

regarded as the first successful attempt to provide a large-scale distributed environment, 

being central to the SIMNET (Simulator Networking) system developed by the US 

Department of Defense to provide large-scale battle simulation [MT95]. 
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Figure 15 provides a generic illustration of the role of an interest manager within a 

networked environment Residing on the host machine, the interest manager acts upon a 

local database to detennine what is of interest, and then queries the network to retrieve 

relevant data. Simplified to this extent, the process may be viewed as a highly generic 

concept independent of application. 

Client Network 

Database 
~ 

Interest Manager .. ... 
~ 

.... .... 

Figure t 5: The role of interest management. 

In such a model, the nature of a virtual environment, both in tenns of architecture and 

application, are of concern within the interest management process - taking the above 

diagram into account, some understanding of the nature of the database must exist for 

relevance filtering to take place. Hence 'generic' interest management is limited to 

providing methods which seek to function within the most common application scenarios. 

'These include military, collaborative and entertainment purposes; in the case of all three 

typically allocating users a virtual 'avatar' and rendering the world from their perspective. 
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3.3.1 Interest Management and Attention 

Given the previous section's definition of interest management through discussing its role 

within a virtual environment, this section seeks to take this definition and stress the implicit 

link with perception present on a conceptual level. 

Interest management seeks to provide filtering of network data. In shott, the amount of 

data potentially present in a rendered frame of the virtual environment, outstrips the 

network capacity. A simple example is a large crowd of users - whilst a user may view 

several hundred entities simultaneously, the network load required to provide high

resolution updates regarding the position and activity of each user, per frame, restricts the 

ability of current virtual environments (as discussed in the next section) to handle large 

crowds. Hence interest management seeks to filter redundant data, in order to provide the 

best quality of simulation possible. 

Referring back to Chapter 2, Broadbent draws parallels between human attention and 

filtering. A notion common to all theories of attention discussed in Chapter 2 is that the 

information entering our senses, such as the light falling on the retina, is considerably more 

voluminous than the information we perceive. Phenomena such as change blindness 

reinforce the assumption that our view of the world is a mental approximation, rather than 

perfect facsimile. Given this notion of both interest management and human attention as 

filtering processes, it becomes possible to identify clear links between the two. A "perfect" 

interest manager would be capable of analysing both user and virtual environment, so as to 

provide the user with only the data required to maintain an uninterrupted experience which 

accommodates the notions of believability and presence as noted at the start of this 

chapter. In doing so, the bandwidth requirements could be minimised, with no perceivable 

impact. In order to evaluate existing methods with regards to their effectiveness in this 

role, a key question is how best to extrapolate the determination of interest from the 

practical overheads associated with interest management, such as the network architecture. 

60 



Figure 16 illustrates the interest management process as a whole, from the conceptual level, 

to hardware. Central to the process is an analysis of the state of all entities within the 

environment (or more accurately !«ale, discussed later in this section), which leads to a 

determined relevance and hence relevance value (either explicit or implicit) for all entities. 

'This is then translated by the interest manager, which performs resource allocation on a 

hardware level based on these relevance values. It can be observed that whilst substantial 

differences are needed in networking to accommodate the outcome of the interest 

management filter across architectures, higher-level conceptual aims regarding the 

establishment of relevance remain constant. 

App1ic:ation 
of mood of 
attention 

Determine State of all Entities 

Calculate Relevance of all Entities 

Relevance Values 

Peer-to-Peer Case Client-Server Case 

Contact Relevant Peers Server Determines Relevant Entities 

Establish Network Connections I Send Relevant Entity Information 

I Receive Updates on all Entities Transfer Information 

Figure 16: A Modd of the Interest Management Process for both Pccr-to-Pccr and Client-Server 
environments. 

The critical part of an interest management approach is in establishing the relevance of 

networked entities. Much research, such as that of Masa and Zara [MZ04], focuses on the 

lower levels of the model, wherein pre-established relevance values are used, typically based 

on a simple proximity filter, and filtering becomes a task for network structuring and 
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protocols. However, in the context of this thesis, we study the process by which relevance 

is attained, rather than the hardware and software issues responsible for interpreting these 

values. 

In many systems [GB95], [MZP94] , [WZ98] , [HPG02] the relevance determination 

procedure leading to the relevance values is simplistic, being based purely on distance or 

visibility, with relevance values being Boolean in nature. Scope therefore exists for closer 

analysis of how such relevance values are obtained and how the process may be related to 

visual attention. Hence so far within this chapter, the concept of interest management has 

been defined, and an abstraction &om the hardware and networking level presented. We 

thus in the next section critique the current state of the art in terms of its ability to 

determine relevance precisely, rather than focussing on practical and implementation 

issues. 
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3.3.2 Methods of Interest Management 

Early taxonomies of interest management approaches, such as that of Morse [MBD96], 

sought to classify approaches based on the network architecture used. Since systems utilise 

either unicast, broadcast, or multicast approaches, this proves a simple and effective means 

of classification. Since multicast-capable hardware was comparatively limited in the 

development of the first multi-user environments, with respect to both the number of 

multicast groups supported and the time taken to reconfigure them, broadcast and unicast 

approaches remained attractive, despite the potential for multicasting to reduce network 

load. Thus early multi-user virtual environments (10 this case used for military simulation) 

such as JPSD and STOW-E used unicast and broadcast respectively [PMW96]. However, 

even in this early phase of large scale VB development, multicast was rapidly proving 

effective in systems such as ModSAF [SRS95], and NPSNET [MZP94], an architecture still 

in development today, both of which implemented multicasting successfully showing its 

significant advantages in reducing network load. PARADISE [SC94] can be credited as the 

first system to demonstrate the potential for multicast architecture - since it was 

unavailable during development in 1993 PARADISE emulates multicasting using software. 

As Macedonia notes [MZP94] the early technological drawbacks with multicasting were 

rapidly overcome with advances in hardware, and currently the Intemet itself provides 

means for large-scale multicasting via technologies such as the MBONE. 

Following initial classification by communication model, Morse further categorised 

techniques into intrinsic and extrinsic approaches. The key difference between the two 

approaches is whilst an intrinsic approach seeks to filter an entity based on its locally-stored 

attributes, an extrinsic approach filters based on an analysis of other entities and hence 

requires information regarding their attributes. To clarify, an example of extrinsic filtering 

would be to filter out all objects with a certain name, or colour. This may thus be related to 

both bottom-up and top-down models of perception. Conversely, an intrinsic filter would 

consider only the location of the object within the virtual universe or its multicast group 

subscription. Initially, intrinsic filtering was preferred in multicast environments due to the 

length of time taken to reconfigure groups for extrinsic filtering (which by nature is more 

fine-grained). As mentioned, however, advances in hardware coupled with a demand for 
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larger-scale environments have made extrinsic, multicast-based interest management 

desirable. MASSIVE [GB95] and VELVET [OG02] can both be seen to implement such 

approaches successfully. 

In order to categorise systems more effectively, the next sections adopt the common 

approach of refining the themes of intrinsic and extrinsic approaches into the more 

conceptual notions of aMra and Io&aIt based filtering. Locale based interest management can 

be seen to draw on the notion of intrinsic filtering to filter objects by their location within 

the environment. By comparison, aura-based approaches seek to centre the region of 

interest upon the user and are thus classifiable as extrinsic approaches. These two 

approaches, often used in combination, can be accurately used to describe many current 

approaches to interest management. 
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3.3.2.1 Locale-Based Interest Management 

Locale-based filtering (also commonly referred to as regzon or grid-based interest 

management), as the name suggests, is, at the simplest level, a method of filtering based on 

the location of the user relative to the environment. Such a method was first used by 

SIMNET and later NPSNET [MZP94]. SIMNET (SIMulator NETworking) was the first 

such attempt by the US Department of Defense (DoD) to link simulators together, to 

provide a networked environment for military training [MT95]. Whilst in many respects a 

primitive system in comparison to current environments (the project beginning in 1983, 

and being delivered by March 1990), many of the concepts first created for SIMNET 

remain at the forefront of current networked virtual environment design. Concepts such as 

heterogeneity, and the existence of multiple user-entities within networked virtual 

environments, which are central to the current NPSNET-V (an evolution of SIMNET 

technologies also devdoped by the US DoD), online games [MLS05] , and many other 

frameworks, were first developed and explored during the SIMNET project. These and 

other concepts were further refined and condensed into the Distributed Interaction 

Simulation Network Software Architecture [MZP94], a framework with its foundations in 

the SIMNET project but which was intended to allow for a far more heterogeneous and 

scalable system than the limited, application-specific SIMNET system. Such refinement 

chiefly involved the separation of data modelling and transmission techniques into the 

aforementioned Distributed Interaction Simulation (DIS) protocol, which embodied early 

concepts within these two fields central to large-scale multi-user virtual environments. 

Interest management within these systems initially centred on splitting the environment 

into a grid, as shown in Figure 17 overleaf However, issues were observed when a user 

nears the boundary between grid sections. A user near the boundary between two regions 

must receive updates from both regions, since they are likdy to be viewing entities present 

in both regions. Without receiving updates from the adjacent regions, the simulation breaks 

down as entities can be seen vanishing or appearing as a client moves between cells. Hence 

it is important to transmit not just the content of the current cell towards the boundary 

location, but also that of the adjacent cell. By changing from an orthogonal to hexagonal 

grid as shown in Figure 17, the maximum number of regions a client in the worst-case 
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scenario (on the boundary of several cells) need receive data from simultaneously can be 

reduced. 

Figure 17: Orthogonal versus hexagonal arca-of-interest management. A client on the boundary 
between areas of interest is marked with a black dot. 

Such a method of interest management has several strengths. Firsdy, it is simple to 

implement, and also has low (and distributed) processing overheads, since clients need 

simply subscribe to the relevant cells based on their co-ordinate location within the virtual 

world. It is particularly suited to large, open areas where a user's maximum visibility is 

defined by a graphical clip plane, and thus the size of a grid cell may simply be defined 

based on this value. It is primarily these two advantages that lead to its use within 

NPSNET, which deals with military simulation over open areas of terrain. 

A fundamental problem with locale-based interest management emerges when dealing with 

entities that tend to group together. As the cells are defined statically in the case of 

NPSNET, yet the users by nature are able to move freely, the potential exists for users to 

gather within a single cell and overload the system. A potential workaround, which 

alleviates the problem to some degree, is a partition of the grid hierarchically and 
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dynamically, such that the number of entities per grid section remains constant. The 

Bamboo architecture [WZ98] attempts such partitioning - being developed by the same 

research group as NPSNET, Bamboo shares several of the technologies and concepts 

driving later versions of NPSNET. Both support dynamic protocols, towards the end of 

supporting extensibility [WZ98b]. Bamboo goes further by adding support for persistent 

worlds, together with the ability to suspend and resume state of the world. Zyda describes 

both these features as essential "to implement highly scalable worlds" [ZSOO]. 

The Bamboo system particularly focuses upon area of interest management. A three-tiered 

approach is taken [A WZ98]. The first tier filters based on partitioning of the world into a 

grid along Cartesian coordinates. This closely mirrors NPSNET, but is further refined by 

the ability for the grid to resize dynamically to suit user distribution. If a large number of 

users enter a single cell, it is partitioned into new cells, whilst empty cells are recombined 

into larger areas. A second tier goes further by adding a pass based on client requirements. 

This essentially involves defining an area of interest on the client, typically a spherical 

region, outside which entities will be ignored even if they co-exist within the same grid 

region. This level hence requires that entities be assigned their own multicast addresses, to 

enable them to be filtered separately. The final tier is described as 'protocol-dependant' 

filtering. Such a method of filtering consists of querying information (hence 'protocol

dependant') about objects within the area of interest calculated in the second layer, and 

eliminating those deemed unimportant by the client. This may be intetpreted as a certain 

degree of accommodation of top-down models of attention; the rule set used to determine 

relevance may be dynamically altered based on the user's current task. 

Since the data needs to have been transferred in order for this querying to take place, the 

final layer provides no benefit to networking, but elimination of unnecessary objects prior 

to rendering enables a simple split between the tasks of detennining what to render, and 

the actual rendering process - hence facilitating the platform independence Bamboo is keen 

to stress. Figure 18 shows grids partitioned using such a method, which can be equated to 

the quadtree and octtee division techniques used in a wide range of areas, such as graphical 

compression and temUn modelling. Whilst such methods can reduce the impact of 

grouping behaviour by redistributing network load, there remains the problem for potential 
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overloading since grid cells may effectively be reduced to lower than the visibility range of 

clients. In this case the client may experience visible artefacts as entities leave or enter their 

region of interest whilst sti.ll within view. 

• •• • .. . - •• • • • 
• • • 

• 
• • 

Figure 18: A quadtrce-based grid partitions itself based on the dispersal of the clients contained. 
Clients are again marked as black dots. Diagram based on the Bamboo system [WZ98]. 

A further level of sophistication is to balance the partitioning around the environment 

itself. Environments may be broken down into what are commonly termed 'locales' -

typically enclosed regions where the user would not be expected to 'see' outside of them. 

In a simple simulation, this could involve separating rooms within a building into 

individualloca1es - since a user would be unlikely to see, or interact with, the contents or 

occupants of another room, yet would expect to see everything within their own room. 

However, whilst many algorithms exist for determining geometric visibility within 

environments, they are heavily processor-intensive. Output is typically pre-calculated based 

on the notion that the environment will have largely static geometry and a handful of 

moving objects, making such methods unsuitable to highly interactive environments. 

Subsequendy, this method is incompatible with the dynamic grid mentioned previously, 

since recalculating locale volumes in real-time is prohibitively expensive in processing 

terms. The work of Hu and Liao [HL04] takes advantage of a peer-to-peer network 

architecture to provide interest management based on a grid which is formed using a 

Voronoi-diagram based approach, shown in Figure 19. The right-hand diagram shows a 
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client with area of interest (red circle), and corresponding peer-to-peer connection 

establishment with nearest neighbours (green), next to nearest (blue) and other cells 

(yellow). 

Figure 19: Voronoi-grid based filtering. 

In this approach, the environment is partitioned dynamically based on the creation of non

overlapping areas that contain one client in each region. Each client maintains a peer-to

peer connection with clients corresponding to neighbouring regions. The diagram itself is 

based around the client's position in the virtual world, rather than their network proximity, 

and hence the method provides a form of grid-based interest management. However, since 

the grid consists of one client per cell, the filtering is applied by specifying a volume 

corresponding to the client's area of interest (AOI). Cells contained either wholly or partially 

within this volume correspond to peer-to-peer connections. 

From a standpoint regarding theories of attention, grid or locale-based interest 

management may be seen as a very simplistic top-down measure of salience, as described 

m Section 2.4.3. Users are considered to be potentially interested in interacting with all 

other users within the same (pre-defined) area and hence provided with the relevant 
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information. Note that, in the typical grid approach, direction of view or other properties 

possessed by the client are ignored. 

Grid based interest management systems remain a mainstay of existing applications, due to 

both their simplicity to implement and effective results. As mentioned, however, it 

struggles to handle large crowds of users efficiendy, since as the models of attention in 

Chapter 2 suggest, simple measuring relevance as equal for all objects within the same 

locale of the user is an oversimplification. Hence Grid-based techniques are commonly 

used as a means of coarse filtering. More precise relevance establishment is the goal of 

Aura-based approaches, which typically operate within a single grid cell or locale. It is an 

additional consequence of the coarse-grained nature of grid-based interest management 

that it accommodates theories of visual attention only loosely. Attempting to provide a 

high-resolution filter by a locale or grid-based approach implies extremely small grid cells, 

making it particularly prone to the aforementioned overcrowding issues. Thus in 

applications such as NPSNET, cells are typically approximately the same size as the user's 

maximum view distance. Furthermore, levels of resolution are difficult to support, with the 

existence of a client within a grid cell being Boolean in nature. Subsequendy, there is very 

litde scope for the application of models of attention, with grid based interest management 

being used on a high level to determine the clients coexisting within a single region. 

However, in the next section, aura-based approaches are discussed, which due to their 

greater precision, offer much greater scope for visual-attention based enhancement 
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3.3.2.2 Aura-Based Interest Management 

The first implementation of aura-based interest management was within the MASSIVE 

framework developed by Greenhalgh et al. [GB95]. The original MASSIVE (Model, 

Architecture and System for Spatial Interaction in Virtual Environments) project was 

intended as a teleconferencing system, with the concepts being developed as part of this 

specific application being continued to the more general-purpose and conceptual 

MASSIVE-II system. At the core of these concepts lies a 'spatial model' of interaction. 

Much of the research within the MASSIVE-II project was directed at user-to-user 

interaction, which can occur over a variety of mediums within a MASSIVE-II 

environment, including text messages, users writing within the environment, to voice 

communication. In enabling this high degree of interactivity, MASSIVE-II makes use of 

peer-to-peer communication alongside a client-server model. The most immediate benefit 

of this architecture is a reduction in server load, particularly in terms of bandwidth (for 

which voice communication is relatively costly). 

Whereas locale-based approaches seek to filter based on the relationship between an entity 

and the environment, MASSIVE implements an aura-based approach, centring the process 

on the entities themselves. Greenhalgh adopts an approach based upon the notions of.fooo 

and ni1llblls. Focus defines the region of interest belonging to an entity, whereas nimbus 

defines the entities intrinsic level of relevance to other entities. When an entity's focus 

intersects with the nimbus of another entity, the observed entity is deemed relevant and 

network resources allocated to providing a high frequency of entity information updates. 

The aura-based process is illustrated in Figure 20. 
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Entity 

Focus 

Figure 20: illustration of AUla-based Interest Management. Two clients ncar to one another within the 
virtual world and focus / nimbus intersection. 

One drawback of the aura-based approach is that in order for focus / nimbus intersections 

to be detected, all clients on the network must exchange data on some level in order to 

provide an approximation of position by which to perfonn the detection process. The 

frequency of these updates must be sufficiently rapid to allow intersections to be 

determined accurately; in practice this is affected by a number of factors such as the 

maximum speed with which clients may move within the VB. A common example is that 

of a fighter aircraft flying over a foot soldier. In order for the simulation to appear 

seamless, the interest manager must detect the aura collision and allocate resources 

accordingly. However, in practice, the high speed of the aircraft may mean aura 

intersection occutS so briefly the network may not allocate resources rapidly enough, as 

suggested by Morgan and Lu [MLSOS]. They suggest 
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((A solution to this would be to extend the fighter aircraft's aura to enable such 

interaction. However, extending the aura may result in the fighter aircraft potentiallY 

influencing ma'!) more objects than is necessary and may result in scalabili!J problems as 

the node hosting the fighter aircraft would be required to participate in rrldundant message 

exchange with ma'!) nodes. " - Morgan and UJ [MLS05] 

Morgan and Lu go on to propose the use of dead reckoning to anticipate aura intersections 

before they occur, in an attempt to ameliorate this problem. Whilst such an approach may 

be shown to reduce the problem, issues with the focus and nimbus approach persist. The 

VELVET architecture considers manipulating the focus and nimbus of clients 

independendy to provide scalability and heterogeneity, and in doing so identify a degrrle-of 

blindness problem [OG02]. This occurs when the focus and nimbus of one client is scaled 

such that it encompasses another client, whilst the observed client's aura is scaled down 

and hence mutual visibility does not occur (Figure 21). Induced in a hide-and-seek game by 

varying focus and nimbus sizes, the 'hider' can observe the 'seeker', but due to the hider's 

smaller nimbus, the seeker cannot observe them. This is problematic when processing 

interactions between clients whilst maintaining consistency. 

Seeker" ~ Uilllbm 

Figure 21: Degree-Of-Blindness. Taken from [SKH02]. 
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Aura-based approaches accommodate notions of perception both in the fonn of the aura, 

and the way in which they interact. A spherical approach such as that of Greenhalgh 

implies an approximation of a linear relationship between distance and saliency. The 

dynamic approach explores this relationship further, by suggesting the relationship 

between saliency and distance is not constant; though both fail to draw parallels to research 

into visual attention in doing so. Similarly, offsetting the focus as a sphere in front of the 

client (as in Figure 21) resolves issues with non-visible entities being judged salient, but is 

again a simplistic approximation of visual attention. 

An advantage of the aura-based approach is a far simpler capacity (m comparison to grid

based techniques) to introduce level-of-detail, by means of layering auras of increasing 

radius upon one another. In this context at least, it is possible to see the relationship 

between approaches which provide layers of detail such as that of Park et al. [PKKOO], and 

the concept of saliency values described in Section 2.4.4. The advantages these methods 

offer are the capability to judge relevance as a quantity, rather than absolute value, and 

hence better allocate resources. Again, a basic relationship between distance and saliency is 

implied, though through a level-of-detail implementation a higher quality of simulation may 

be offered for nearby clients. 
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3.3.2.3 Summary 

In this section, the paradigms driving the state of the art of interest management have been 

presented. Grid based interest management has been presented as being typically utilised as 

a coarse-grained filter, which consequently gives little consideration to perception. This 

lack of consideration is justified, however, when grid-based filtering is simply used as a 

means of providing a high-level filter within which a more precise aura-based paradigm 

functions. The integration of the two approaches has been demonstrated in the work of 

Watson et al. [WZ98]. Thus a typical model for a virtual environment accommodating 

several thousand users, such as NPSNET, revolves around grid-based interest management 

as a coarse filter, limiting data transfer to entities co-existing with the same general area (m 

the case of the aforementioned military simulation this is around llan), whilst an aura

based approach handles more accurate interest management within each cell. This 

eliminates the aforementioned scalability issue of aura-based approaches (that all clients 

must be aware to others to some extent to detect aura intersection), by ensuring this 

awareness is limited to a locale and thus reducing global network traffic. Thus the focus of 

visual-attention based filtering may be considered to be the contents of a single grid cell, as 

a refinement to the aura-based process. 

In the next section, we consider more fully the concept of interest management 

approaches that seek to exploit visual attention. Effectively, an approach accommodating 

perception can be seen as redefining the traditional, spherical aura-based approach as 

defined by Greenhalgh [GB95], either by affecting its foan or the measures by which it 

determines relevance (colour, for example). Such is the case described in the next section. 
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3.3.3 Visual Attention-based Interest Management 

Grid and aura-based approaches have, as described, typically made no explicit 

acknowledgement of their relationship to visual attention. However, Beeharee [BWH03] 

acknowledges such an explicit link, and successfully demonstrates the potential for the use 

of visual-attention based IM in a variety of simulations, ultimately concluding with a 

simulation of an 800-entity virtual city. The perceptual culling is based around the notion 

of change blindness; in effect aiming to filter out items of data in which the user is unlikely 

to identify a change. The approach adopted combines top-down analysis of attributes with 

a bottom-up component, effectively creating a means for interest management centred on 

the notion of multimodal attention presented in Chapter 2. In the process of developing an 

interest management paradigm, Beeharee performed a number of perceptual experiments 

within virtual environments to better determine the properties of objects that evoke a shift 

in a user's attention. It was consequently found that colour and motion are primary 

attributes in this context (conforming with existing bottom-up models of attention as 

described in Section 2.4.3), and this having been noted the interest management technique 

was developed and implemented within an existing VB, which comprised of a simple 

virtual city with coloured blocks representing avatars. Subsequently the technique was 

evaluated with a "small but non-trivial" ([BWH03] p. 214) sample of users who claimed to 

perceive no difference with the interest management approach in use despite a clear 

reduction in bandwidth consumed. By this means, evidence is provided that the technique 

is a success. 

Figure 22: The "Vinual City" used by Beeharee et al. [BWH03j 
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The system is shown to provide a distinct reduction in bandwidth with users unable to 

detect change, and may thus be regarded as successful, though only within the conteXt that 

processing overheads are deemed insignificant. In particular, saliency mapping is shown to 

lend itsdf well to any perceptually oriented interest management technique, since it offers a 

clear separation between establishing the perceptual rdevance of discrete network entities 

and performing the actual filtering. Certainly, as processing capacity advances whilst 

bandwidth remains a commodity, the uptake of such an approach becomes increasingly 

attractive. However, additional overheads are involved in defining environment content 

such that it may be analysed via a bottom-up mechanism. Furthermore, as with any image

analysis based technique, the processing overheads are noted as being substantial. In 

providing both top-down and bottom-up components that provide extensive image

analysis, the demand in terms of system resources is significant. 

In processing avatars based on properties such as colour, additional complexities introduce 

themsdves as environment content becomes more sophisticated - whilst a simple three

dimensional box has clearly definable attributes, a textured and animated avatar offers a 

greater challenge in processing to determine saliency. Such complexities, coupled with 

processing overheads, present a notable drawback to attempts to provide comprehensive 

bottom-up modeling of attention (discussed in more detail in the next section). In 

attempting to apply a top-down component, some requirement is placed upon the user to 

predefine their context and goals within the environment. Since top-down attention is 

experience and goal-driven, even more restrictions are placed on the content and design of 

the environment such that these goals may be established by the interest manager. When 

considering the models of attention stated in Chapter 2, although Beeharee provides a 

comprehensive incorporation of top-down and bottom-up attributes, the question remains 

as to whether alternative means of modelling attention may offer additional - and 

compatible - gains. 
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The next section goes on to firstly outline the need for improvement, and then critique the 

current state of the art. A particular, recurrent theme throughout the previous sections has 

been the relationship between interest management and human attention as filtering 

processes; both exist as mechanisms intended to eliminate extraneous data. Hence the 

emphasis of the next section is upon the limited uptake of perceptual considerations within 

existing methods, and the limitations specific to existing methods that seek to exploit visual 

attention. 
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3.4 Limitations of Existing Methods 

In reviewing the existing themes of interest management, alongside applications of theories 

of attention within rendering, and theories of attention, it becomes possible to consider the 

challenges faced by the current state of the art. Before considering the limitations of 

existing systems with regards to visual attention, it is worth giving some consideration to 

more practical concerns in distributed virtual environment design, and thus provide some 

evidence that bandwidth is indeed an ongoing limitation and obstruction in virtual 

environment design. In Section 3.4.1, the notion of bandwidth efficiency is considered, 

based upon the notion that more efficient use of bandwidth offers the potential for richer, 

more interactive environments It is noted that the evaluation of interest management is 

frequently application-dependent, and thus it proves difficult to directly compare existing 

approaches, though all share a common goal of more efficient utilisation of bandwidth. 

Thus it may be argued that bandwidth efficiency when faced with large number of entities 

is a challenge for all current interest management approaches. 

Interest management approaches typically acknowledge the relationship with visual 

attention in only a simplistic, implicit fashion (e.g. by taking distant objects as being less 

salient). The work of Beeharee et al. [BWH03] is unique in directly accommodating visual 

attention as a means for interest management. Section 3.4.2 establishes potential avenues 

for improvement, by analysing the limitations of existing systems particularly with respect 

to accommodating visual attention. Subsequently, the tendency for existing methods to 

adopt rudimentary approaches to incorporating models of visual attention is re

emphasised. This leads to a more detailed discussion of the potential advantages offered by 

a spotlight mood in Section 3.6. 
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3.4.1 Need for Improvement 

Since, due to advances in technology, the bandwidth available for both Intemet and LAN

based virtual environments has increased exponentially, the argument may be put forward 

that eventually hardware will outstrip the need for effective 1M, as available bandwidth far 

exceeds the amount required to mutually update all users. Since 1M places an inherent 

demand on CPU time, this point is worth consideration. Adopting such a paradigm, 

however, ultimately leads to less efficient virtual environments. The bandwidth interest 

management saves may be re-utilised to serve either additional clients, or enhance 

interactivity by adding further objects which may be manipulated by users (and which also 

require network data). Furthermore, interest management may actually offer improvements 

in performance, as the CPU is no longer required to handle redundant network data or 

update clients within the rendering engine that are of no significance. Thus a strong case 

may be put forward for the need for interest management within large-scale virtual 

environments in both the short and medium-term. 

Given these facts, it becomes clear that an approach which offers a direct reduction in 

bandwidth is advantageous, and in the particular case of an Internet-based virtual 

environment which gives consideration to heterogeneity and scalability (criteria well

established by Zyda [ZSOOD, the ability to gracefully degrade the quality of simulation in a 

situation that available bandwidth falls below the total required to mutually update all 

clients is also of paramount importance. Additionally, it should be noted virtually all 

existing systems utilise multicasting, since the benefits largely outweigh any drawbacks, as 

demonstrated by Macedonia et al. [MZP95]. 

In proposing the interest management within the NPSNET system Abrams [AWZ98] 

considers the data sent in terms of packets passed between network nodes over time. This 

has the advantage over raw bandwidth measurement (m terms of bytes / second) since it 

remains application-independent - for a more sophisticated simulation more bytes may be 

sent per packet, for instance to include higher orders of dead reckoning or animation 

80 



states, but the update rate will remain constant. Other evaluations of interest management 

also tend towards this model for evaluation, such as those used within MASSIVE [GB99], 

[BWA96]. In both cases, this evaluation is done against a backdrop of constant quality of 

simulation as previously mentioned (i.e. the entities near the user receive the same quality 

of network service). 

Despite the advantages of measuring the total packets passed between nodes over time, the 

measure of raw data sent is often advantageous when evaluating different interest 

management paradigms within the same system. A number of experiments within DIVE 

have adopted this approach [ZYM02], since the ubiquity of the environment allows for 

comparisons to be made between differing approaches. Hence two clear themes of 

bandwidth evaluation may be observed - packets / time to allow for general comparisons 

and bytes / time for comparison of techniques within a single system. Furthermore, a 

consideration of consumption on a per-node basis may be made to better understand the 

distribution of load within the environment, a factor critical when developing 

heterogeneous environments since a high load on a single node is undesirable. 

Considering next the network architectures used by DVEs; a common trend is observable 

in commercial environments adopting client-server architectures, whilst research 

environments utilise peer-to-peer configurations. Research environments such as DIVE 

(the first significant peer-to-peer environment) identify many advantages to such an 

approach. Foremost, the distribution of load leads to the capacity to accommodate far 

more users without increasing the load on a single network node. Additionally, the 

decentralisation leads to greater fault tolerance and the capability to create environments 

with zero-downtime. Originally developed by the Swedish Institute of Computer Science in 

1993, DIVE (DIstributed Vtrtual Environments) [Car93] is a peer-to-peer system, making 

it fairly unique compared to the other systems discussed within this section. The original 

DIVE system scaled poorly (to a maximum of 32 clients), as a direct result of the peer-to

peer implementation. However, the most recent release, DIVE 3 [FS98], uses multicasting 

to overcome many of the drawbacks with peer-to-peer &ameworks and successfully 

provides a scalable platform. The world database for the DIVE 3 system is treated near

identically to a shared memory space over a network. The structure and content of the 

81 



database itself is comparatively limited - object geometry is stored, together with a single 

flag that enables collision detection. Object motion and interaction is handled entirely by 

separate applications, which either modify the world database directly or provide scripts 

triggered by events in the world. Since the world database in DIVE 3 is partitioned 

between clients, its developers argue that a client-server architecture would require such a 

high degree of client-server communication (effectively occurring each time an object was 

modified) that "such an architecture would have negative implications on interaction time 

and would introduce lags."[FS98b]. The success of the DIVE 3 system (pettifer [pet99] 

notes that "DIVE has almost become a de fado standard platform for research in 

distributed VR applications',), illustrates the feasibility of a peer-to-peer approach. By 

manipulation of the architecture, the system has been used to explore spatial [HLS97] and 

subjective [SGB95] techniques for interest management. 

However, commercial environments (such as World ofWarcraft, which has approximately 

7 million subscribers, leading to several hundred thousand simultaneous users at any given 

time [MMoG06]) are typically built around subscription systems. In such a situation, 

security is pivotal - not only in ensuring only authorised users can access then 

environment, but also in preventing malicious users disrupting the service (e.g. cheating in 

online games). Creating such security in peer-to-peer environments represents a substantial 

challenge; in the parallel case of the Intemet, research into IrNsI within a peer-to-peer 

scenario has yet to offer a comprehensive solution. Hence commercial environments 

commonly adopt client-server architectures out of necessity. 

Ultimately, any interest management process has implicit links to the network technology 

underpinning the environment, and consequendy several key limitations in existing systems 

are frequendy described as arising from more practical concerns. However, as has been 

shown in section 3.3.1, it is possible to view interest management as separate from 

architecture, building upon the notion that saliency-measurement is independent of 

network structure. Thus, whilst research into developing networking hardware and 

software to support interest management remains significant, the next section chooses to 

build upon this separation in order to focus on the methods used by existing systems for 

the determination of salience, and limitations thereof. 
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3.4.2 Scope of Existing Solutions 

Since the very first large scale multi-user virtual environments, such as NPSNET, the need 

for efficient interest management has rapidly emerged as an issue central to their 

devdopment. However, whilst many different interest management approaches and their 

implementations have been wdl documented, very few directly acknowledge the 

relationship between interest management and human perception, despite an implicit link. 

Many systems such as MASSIVE employ spherical auras around clients as regions of 

interest as mentioned previously in this chapter, and whilst such methods have the 

advantage of being computationally simple, the assumption that distance is the only 

measure of perceptual relevance within a virtual environment is easily disproved by the 

simple example of a client stood behind the viewer. In this case, although the client may be 

near, they are not visible, and hence providing a high-resolution of updates regarding their 

position and behaviour is a waste of resources. Refinements that incorporate methods such 

as visibility culling such as the approach of Hosseini LHPG02] or partition the environment 

to overcome this problem only address part of this issue, since many studies into effects 

such as change blindness shown in Chapter 2 prove presence within fidd of view alone 

does not necessarily equate to perceptual importance. 

As a result, the evaluation of the effects of interest management on a perceptual levd is 

often performed superficially. Whilst certain techniques such as the environment 

partitioning used within NPSNET can lead to gains with no effect on the simulation 

perceived by the user, these methods alone remain inadequate for scenarios wherein the 

number of users within a locale exceeds the available bandwidth, and is consequently why 

these simulations remain limited in their total number of users. Fortunatdy, whilst existing 

interest management approaches generally give less regard to evaluation of perceptual 

effects within the environment, a considerable body of existing work in evaluating the 

success of interest management in terms of its impact on bandwidth consumption exists. 

Ultimately the goal of any interest management approach is to offer a reduction in 

bandwidth consumed by a distributed virtual environment, and many existing techniques 

have been evaluated within this context. 
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Furthermore, despite the aforementioned lack of perceptual consideration for many 

interest management techniques, a number of approaches such as that of Beeharee 

[BWH03] do make this direct analogy. Whilst the approach ofBeeharee is valid, it attempts 

to achieve interest management perceived to be lossless, whereby the quality of the 

simulation to the user is unaffected by the interest management approach. This has two 

weaknesses; firsdy that it leads to techniques which may be ineffective or untested in low

bandwidth situations, where as previously noted bandwidth may be insufficient to update 

all users, and secondly that the approach may result in network overloading in 'crowding' 

situations, where a large number of clients attempt to occupy a small virtual space. Using 

many techniques such as locales, this results in a large number of clients being flagged as 

relevant by the interest manager and can subsequendy lead to network crashes - one 

example of such a problem, as noted by Minson [MinOS], was demonstrated in Blizzard's 

online game ''World Of W arcraft", when a group of players gathered in one place to 

protest a change in the game, and subsequendy managed to deliberately induce a server 

crash. 

Relating the work of Reddy to the theme of interest management presents a variety of 

issues for consideration. Whilst a direct parallel can be drawn between avatars and 

geometry (and thus, in theory, Reddy's approach could be applied directly), a number of 

key differences exist between interest management and geometry culling. Firsdy, the 

amount of available bandwidth is finite in any distributed simulation, and in the context of 

a crowded virtual environment, perceptually lossless techniques are frequendy inapplicable. 

Thus graceful degradation is of vital importance, and failure to provide the facilities for 

such degradation can result in an environment prone to crashes or instability. The previous 

example of players of the online game ''World of Warcraft" can be taken as an example of 

both the weakness and need for solution. Secondly, since interest management works on 

typically the most perceptually important aspects of an environment - the avatars - criteria 

such as object size or angular velocity may be less significant than in the case of geometry 

depending on the nature of the simulation. Whereas Reddy effectively looks at a situation 

of information overload, and filters out a large amount of extraneous data, a typical interest 
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management scenario involves attempting to make a more precise evaluation based upon a 

smaller set of objects. 

Despite these weaknesses, such an approach has several notable characteristics, firstly in 

that it proves success of the interest management paradigm outside of these extreme 

circumstances. This may be sufficient within an environment wherein these situations may 

be controlled by simple rules and mechanics within the environment - only allowing a set 

number of people to enter a given area, for example. Additionally, it allows for a much 

more simple and definitive evaluation of the perceptual effects, simply by running two 

simulations both with and without the interest management applied and simply asking the 

sample whether they notice a difference. Thus whilst it is ideal to obtain a fuller set of 

results dealing with these extreme yet potentially common situations, this basic test is 

typically central to the evaluation of interest management. 

To stress such limitations, consider an environment containing thousands of simultaneous 

users, operating alongside the bandwidth constraints implied by an Internet-based scenario. 

In this situation, grid or locale-based interest management offers the highest-level method 

for filtering. These methods are highly successful when the population of the virtual world 

is distributed and has minimal tendency to gather in small regions, as illustrated by 

NPSNET, alongside the other systems mentioned in Chapter 3 using grid-based interest 

management. The breakdown point occurs when clients gather within a single grid cell or 

locale, eventually viewing more clients simultaneously than the available bandwidth would 

allow. This is common behaviour in a variety of applications, such as troops gathering and 

engaging one another in a military simulation or game. In this case the only options within 

a grid or locale based method are the removal of clients which may potentially reside 

within the field of view (leading to degree-of-blindness problems as reported by VELVET, 

discussed previously) or a unifonn decrease in update interval for each client to match 

available bandwidth. To provide an example of this bandwidth reduction concept, consider 

the case of 50 mutually visible clients (which represents a small crowd in real-world tenns), 

each with a limited 50 kilobyte per second (kbps) downstream capacity. This restricts each 

client to obtaining a maximum of -lkbps data on each visible client. Increasing the 

number of clients within the locale to 200 would decrease this maximum linearly to 
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0.25kbps, quadrupling the delay between updates to maintain the same bandwidth. The 

visible effects of this would be a steady degradation in perfonnance, as avatars appear to 

jump from point to point between updates. More generally the update rate in seconds for 

each client may simply be expressed as: 

B u=
PNc 

Where B represents the available bandwidth in kilobytes per second, P the packet size of 

each update in kilobytes and Nc the number of clients within the same locale. More 

sophisticated environments allowing for a variety of avatar states and levds of interaction 

necessitate larger values for P. Visual artefacts appear where this update rate U becomes 

sufficiendy low that humans may perceive the motion as a series of individual movements 

rather than a single, smooth motion. This may in tum be related to the rendering and 

graphical capabilities of the environment; a value of U lower than the frame rate provided 

by the renderer will offer no visual improvement and effectivdy waste bandwidth. An 

optimum value may be considered as residing at the threshold for perceptual detection 

whilst being equal to or greater than the delay between rendered frames. Such a threshold 

is commonly given as being 35 frames per second (for a thorough analysis of the effects of 

framerate see [R.ed97b], or U ::::: 0.03 seconds / update. 

Ignoring momentarily the fact that available bandwidth may fluctuate over time; B and P 

may be considered constant for any given client. Thus it would appear that purely the 

number of clients sharing the same grid cell as the viewer govems the perfonnance of the 

environment. Yet considering the case of 200 users within this cell, and the capacity of 

human perception discussed in Chapter 2, it is impossible all these clients are perrephlal& 
relevant to the user simultaneously. Simply considering visibility alone, it is unlikely all the 

clients occupying a grid cell or locale are mutually visible to one another; taking a 9O-degree 

field of view and random client distribution would imply only an average 25% are visible to 

any given client. This is exploited by many existing interest management systems to 
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provide filtering by visibility culling, such as the method by Hosseini already discussed 

[HPG02]. Furthennore, clients will tend to interact most directly with the nearest visible 

clients. This assumption lies at the centre of the aura-based interest management system as 

first used by MASSIVE, which may operate within a locale, parallel to locale-based interest 

management (as exemplified by MASSIVE-3). Thus a general approximation of the current 

state of the art is an aura-based interest management paradigm operating within a single 

locale or grid cell, alongside visibility culling. In this case the aura-based interest 

management performs fine-grained filtering and as such may be seen as the component 

open to visual-attention based enhancement, since the locale-based component simply 

filters all users within the region, whilst the aura-based level identifies those most salient. 

As has been discussed in this chapter, however, such a system continues to generate visual 

artefacts with distant clients being filtered out, and offers no resolution to degree-of

blindness. DeOliviera [Oll01] discusses the potential to resize the aura in response to 

changes in available bandwidth. Whilst this ameliorates the problem to some degree whilst 

providing scalability, it increases the probability of a degree-of-blindness situation (as 

described in Section 3.3.2.2) between two clients in a heterogeneous situation since a 

strong likelihood exists of different clients having different aura sizes. A more general 

solution is to provide the capacity for different update rates, and thus create a model with 

multiple auras, each corresponding to a different update rate. Available bandwidth may be 

distributed between auras such that more distant clients are assigned longer update 

interVals. This does however have the implication that upstream data must increase for all 

clients, since they need to support the provision of information on a variety of different 

levels of resolution simultaneously. Abrams et al. [A WZ98] illustrate the advantages of the 

provision of different levels of resolution in providing a high-fidelity to nearby clients 

whilst retaining the capacity to display more distant avatars. Adapting the previous 

equation for a situation where n levels of resolution exist 
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And thus the available bandwidth may be matched by considering the update rate Un of 

each level of resolution in comparison to the number of available levels of resolution. 

Many basic techniques such as the aura approach provide an accommodation of perceptual 

considerations; the first implementation of an aura within the MASSIVE system bases 

itself upon the principle that all objects whose spherical auras intersect with that of the user 

are on relevance - essentially distance-based filtering. In the situation that a sufficiendy low 

users / available bandwidth ratio exists, this method is entirely adequate. However, as 

environments aim to accommodate more users, with more sophisticated behaviours into 

smaller virtual areas, visibility and distance alone prove inadequate filters. The evidence of 

this are the subsequent attempts to refine approaches along a variety of avenues including 

multiple layers of relevance such as the approach of Abrams et al., the addition of locale

based filtering [pGOO], and of course the explicit inclusion of perception [A WH03] in 

order to support larger numbers of users. 

Fundamentally, however, the basis for perceptually oriented enhancement lies in the simple 

concept that aura-based management overlooks; what is near to a viewer is not necessarily 

what is salimt, as shown in Chapter 2. A multiple-layer aura-based method such as that 

described above effectively implies salience decreases linearly with and in direct proportion 

to distance from the observer. Whilst in certain situations basing salience on proximity 

proves adequate, to suggest this is uniformly and consistendy the case is easily disproved by 

the case of a user viewing a distant client. The key to deriving a means to enhance this 

aura-based system via perception lies in formulating a method by which to detect the most 

salient clients and hence provide the highest-fidelity possible to the viewer on these clients 

alone. Furthermore, this must be done efficiendy and with minimal processing overhead, 

or the potential gains are limited by the impact on framerate. Additionally, since the IF 

address space and Intemet architecture provides a finite number of available multicast 

addresses, clients must be grouped into levels of resolution rather than simply providing 

the ideal resolution to each client. 

It is due to these restrictions a direct application of saliency mapping as discussed in 

Chapter 2 is unfavourable. Asides from the overheads of performance multiple pass image 

analysis on each frame, such an application would prove inefficient since only clients need 
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be considered as salient objects (world geometry, for example, is replicated across clients 

within our model). This may be construed as leading to weaknesses in Beeharee's 

[A WH03] approach; when attempting to filter based on object properties the developer is 

faced with a difficult decision regarding implementation. Full-scene analysis on a per-pixel 

basis, of each rendered frame, is computationally highly expensive. This is compounded by 

the processor-intensive nature of many other aspects of virtual environments, such as 

physical modelling and the rendering process itself. An alternative approach which relies 

on object properties being inherently attached to objects (thus allowing an entity to be 

analysed purely by referring to its pre-defined properties) offers the potential to overcome 

such a problem, at the cost of accuracy. Such a method is adopted by Beeharee. 

However, an important factor in current and future environment design is the notion of 

composabili~. Zyda [ZSOO] defines compos ability as " ... the ability to dynamically import 

models and behaviours, developed in one virtual environment, into another virtual 

environment." (p. 288). Composability is highly desirable since it circumvents the need to 

recreate content for every new environment, and allows a much greater degree of 

customisability and interaction. Requiring objects to possess pre-defined characteristics in 

order to perform interest management imposes restrictions on the composability of 

content. Conversely, restricting the interest management system to only use available 

properties constrains its effectiveness. Whilst certain characteristics of entities (primarily 

relative position within the environment) are ultimately required by all approaches, 

minimising the needed characteristics presents advantages in defining content and 

compatibility. 

Given these drawbacks, consider the spotlight model described in Section 2.4.2. In its 

simplest form, a spotlight approach need only consider the positions of objects relative to 

the viewer, and hence is highly composable. As per the rendering approaches detailed in 

Section 3.2 the assumption can be made this spotlight exists near the centre of the visual 

display, and a precise focus and filtering thus perfonned accordingly. Since this would not 

require per-pixel analysis, or detailed analysis of object properties, it may be performed in a 

computationally inexpensive fashion. Moreover, since perceptual approaches such of that 

of Beeharee seek to define salience as a value independent of the hardware driving the 
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interest management process (again, building upon the separation discussed in Section 

3.3.1), the saliency results for a spotlight filter could potentially be summated with the 

results for a top-down and bottom-up analysis, providing further enhancement. In the next 

section, these notions are further explored towards the end of creating a model for 

spotlight-based interest management. 
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3.5 Summary 

Whilst the volume of research on visual attention, together with the frequent ambiguity of 

results precludes any attempt to provide a 'definitive' mood for visual attention-based 

interest management, a variety of potential enhancements to existing approaches may be 

suggested. By considering existing systems described in the previous section, alongside 

potential weaknesses in the current implementation of visual-attention based interest 

management as described by Beeharee, the previous section suggested several potential 

advantages of a spotlight-based approach. Such advantages are also emphasised in a 2005 

paper lDW05b] (11lcluded in Appendix IV). In the next chapter, transcribing a spotlight 

modd into an effective means for interest management is discussed, building upon the 

modd described in Chapter 2. Advantages in both comparatively low processing overhead, 

and compatibility with the approach of Beeharee are outlined. The section concludes with 

a brief discussion of the context and scope of such an approach, and outlines the 

advantages of the modd. 

An additional task in forming a proposed interest management system is to identify the 

context and scope within which the proposal will operate. Most importantly, with reference 

to attempts to draw parallels to theories of perception based on real-world observation, a 

limit must be imposed on considering only virtual environments seeking to emulate the real 

world to some degree. Defining such a limit is partly an implementation issue, and thus 

described in more depth in Chapter 5. The remainder of the chapter discusses the potential 

benefits of a spotlight-based approach, and subsequendy presents a novel method for 

interest management, which builds upon existing aura-based methods, providing 

perceptual refinement. 

So far in this chapter, a review of the current state of the art regarding interest management 

has been presented, alongside existing applications of visual attention to virtual 

environments. In the previous section, the potential for a spotlight-based approach given 
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existing weaknesses was suggested. Before discussing the potential for such a model 

further, it is useful to provide a summary of the previous chapters and re-emphasise the 

basis for such an approach. 

As noted earlier, with respect to interest management, the current state of the art may be 

interpreted as a hybrid of grid and aura based approaches, with grid-based interest 

management operating as a large-scale, coarse resolution filter, whilst aura-based methods 

work within grid cells to further filter redundant data. Whilst current commercial 

environments typically filter purely based on proximity to the user, this simple 

approximation leads to easily demonstrable issues with overcrowding. Research has 

included refinements such as visibility culling, and Beeharee [BWH03] has adopted 

perceptual considerations in developing a bottom-up based means for interest 

management. Approaches that contradict, rather than complement this state of the art may 

expect considerable difficulty in presenting a universal approach effective enough to 

replace existing methods. 

It is thus essential that a proposed approach consider its role within this current state of the 

art, with a view to complementing existing methods wherever possible. Perceptual 

refinement may be considered to operate on the aura-based level, since grid based filtering, 

such as that employed by NPSNET-V, is typically of a much coarser resolution and 

removes clients which are so distant from the user as not to be visible. Henceforth the 

method proposed in this thesis functions within the aura-based system, on the assumption 

that within an implementation context it would be employed within grid cells. For 

simplicity, it is possible to consider only a single grid cell, under the assumption the 

method could easily be duplicated within other cells. 

The proposed spotlight-based approach to interest management builds upon a serles of 

assumptions inherent to spotlight models of attention: 

• Distance alone is not an accurate measure of relevance. The spotlight may be 

focussed on a distant object as well as nearby objects. 
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• That the zoom-lens notion, discussed in Chapter 2, implies the ability to focus on a 

small area with high resolution, or a large area with coarser resolution. 

• That there is a central point of focus for the spotlight, around which exists a region 

in which change is perceived more readily. 

It builds on these assumptions under the basis that such concepts may be modelled in a 

computationally inexpensive fashion. The assumption is also made that the implied depth 

of objects within a virtual environment, ultimately rendered to a two-dimensional display, 

may in fact be interpreted as a three-dimensional scene by a viewer. Whilst more 

sophisticated hardware may generate a true three-dimensional image, it is worthwhile 

exploring the potential within a typical two-dimensional display. Nagata [Nag91] suggests 

the capability to induce and enhance depth perception in two-dimensional images; and by 

assuming such depth perception it becomes possible to draw parallels between real-world 

studies of the spotlight of visual attention and the context of a user viewing a two

dimensional display. Such a relationship has also been demonstrated in other applications 

of perception to virtual environments, such as the aforementioned work of Funkhouser 

and Sequin [FS93]. 

One advantage when applying models of visual attention within interest management, as 

opposed to rendering, lies in the fact that the system need only consider entities, rather 

than the entire rendered scene. Whereas systems seeking to enhance rendering are forced 

to review the entire scene, a spotlight-based interest management approach may restrict 

itself to considering entities alone, since in the case attention is fixated on an area of terrain 

rather than an entity, the limitations of networking will not be perceived. A spotlight-based 

approach may offer particular advantages specifically where large, visible crowds of entities 

exist. This represents a common situation where existing methods break down as noted by 

Minson [MinOS]. Approaches such as aura-based techniques, typically update more distant 

entities at lower resolution, and in the case of a viewer searching or interacting within a 

large crowd, offer inaccurate results, as evidenced by the breakdown described by Minson. 

By adopting a spotlight, it should become possible to more accurately identify scenarios 

wherein visual attention is deployed to a distant object or individual within the crowd, and 
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significantly enhance perceived quality. This thesis now goes on in Chapter 4 to define a 

proposed technique that utilises the 'spotlighe approach, alongside a means of establishing 

focus from user input. This is subsequently combined with a means for including visual 

cues as a factor, to create a novel interest management paradigm for large-scale networked 

virtual environments. 
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4 A Spotlight-Based Interest Management Approach 

In the previous chapter, the limitations of current virtual environments with respect to 

capacity and performance were related directly to the concept of interest management. 

When considering theories of visual attention alongside the current state of the art with 

respect to interest management, the potential for further consideration of attention, and its 

integration into the interest management process becomes apparent. This chapter seeks to 

define a proposed enhancement to interest management, which employs a spotlight modd 

of attention alongside saliency mapping to create a means for interest management within 

large scale distributed virtual environments. 

Having identified the potential for consideration of a spotlight modd that builds upon the 

current state of the art, this chapter describes the creation of a theoretical model intended 

to provide interest management incorporating the spotlight concept. This consists of two 

major tasks. Firsdy, it is necessary to create a means to generate saliency values for objects 

within the virtual world, and only those whose characteristics are affected by networked 

data (for example, the method should aim to consider user avatars, but not scenery which 

is replicated across all clients prior to run-time and is immutable). In many respects this 

process is identical to that used in perceptually oriented computer graphics to define 

saliency maps for images, although with the caveat that only certain objects within the 

world need by considered. Furthermore, rather than use a perceptual model identical to 

that deployed in graphics by researches such as Funkhouser [FS93] and Reddy [Red97], 

this chapter seeks to exploit the strengths of a spotlight-based approach in terms of 

computational simplicity and composability, and take advantage of the fact that only 

entities need be considered. The subsequent implementation, including practical concerns 

and psuedocode, forms the basis for Chapter 5. 
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4.1 Applying a Spotlight Model 

The most widely available display technology creates a two-dimensional image on a flat 

surface by rendering a three-dimensional scene from a given viewpoint, rather than a true 

three-dimensional image. If such output methods are taken to be the focus of this study, a 

user's physical focus will be upon a single region of pixels, rather than a three dimensional 

object in space. This can be considered an advantage, though, provided the assumption is 

made that the object to which those pixels correspond is the focus of attention. Even so, 

this leaves us with the question of how to determine what a user is gazing upon with 

limited technology available. Approaching the problem firstly from a mechanical 

perspective, whereby the physical operations of the eye are examined to determine its 

focus, hardware capable of tracking eye movement based on comeal reflection has been 

available from as early as 1978 [CS78]. To date, though, such systems have little widespread 

use due to their limited application, and difficulty to use (some require physical contact 

with the eyeball, and hence the presence of an ophthalmologist, whilst accurate, non

invasive methods involve costly MR.I or laser technology [KGH99]) Additionally, and 

more significandy, research within the multi-layered model of attention has shown that an 

object becomes the focus of attention before the saccade (eye movement) to look at it 

occurs [The93], and thus eye-tracking may not necessarily prove a panacea for the problem 

of determining the focus of a user's attention within a virtual environment. It has, however, 

been used successfully as a selection tool Dac91] 

To resolve this problem, it is possible to move away from the mechanical problem of 

determining the state of the eye, and look towards the concept of 'training' a user to inJ»ll 

their attentional focus, as part of their interaction with the environment. Dearly, such input 

needs to be derived from normal user behaviour, rather than requiring the user to enter it 

explicidy, since the idea of a time consuming data entry for each object of focus is of little 

appeal. Hand [Han97] provides a good summary of interaction techniques within virtual 

environments, establishing that the majority of multi-user environments use keyboard and 

mouse interaction, and fall into a number of categories. Some, such as the Xerox 3D 

ROOMS system [MCR90] , use mouse input to mimic head movement. Whilst in the 
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ROOMS system the mouse must be held over an icon and dragged to induce such 

movement, other systems, such as DIVE [CH93], have adopted and refined this approach 

to allow for a combination of keyboard input to control lateral movement (walking) whilst 

the mouse is used to look around. This successful combination has subsequently been 

utilised by an entire genre of games, and is particularly suited to military simulations where 

the client is required to both move and aim simultaneously. 

Critically, this means a means for estimating user focus exists - if the 'head' is being moved 

by the mouse, then the user will tend to centre the focus of attention on the screen, 

provided they have sufficient experience with the system to move naturally. This 

simplification is made frequently when creating perceptually optimised rendering methods; 

the work of Reddy discussed in Section 3.2 makes such an assumption with successful 

results. This scenario applies particularly to the aforementioned applications of military 

simulations and games, wherein the target must be centred on the screen in order to hit. 

Regardless of application, it is plausible to assume that some approximation of attention 

may be derived from the orientation of the user's viewpoint. Thus the interaction device 

can be seen as approximating overt attention (as described in Section 2.3), whilst covert 

attention is modelled by analysing the objects surrounding the focal point in a spotlight

based fashion. 

Change blindness can be construed as having an important implication; that the focus of a 

user (and hence interest manager) is likely to be upon a single object at any given time. 

However, this does not necessarily simplify the problem, since this attention may shift 

extremely rapidly, required a substantial network overhead in breaking and creating new 

connections to clients determined to be of interest. Thus practicality requires that the 

objects 1i1u!J to be the foci of attention remain specified at high-resolution, whilst the user's 

actual attention rapidly moves between them. Furthennore, the necessity emerges to 

consider precisely how to extrapolate this target of attention given available user input 

devices. 
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4.2 Defining the Spotlight as a Field 

The proposed approach uses a multi-layered field to describe the area around a user in 

tenns of likely salience. 1his has sevetal advantages over a more direct approach that seeks 

to define interest between two objects as a Boolean expression. Firstly, the approach is 

scalable, since the weighting of the perceptual field at a given point may be compared to a 

series of threshold values to detennine interest group subscription. These thresholds may 

be modified on the fly to maintain a constant level of bandwidth consumption or match 

available bandwidth more closely. Secondly, it allows for additional weightings to be added 

easily, as a combined field. 

To explain this description in more detail, let us first examine the simple case of a radial 

aura around a user, as shown in Figure 23. For the purposes of this example the client's 

avatar in virtual space is referred to as the IIStr and the client being tested for relevance as 

the enti!]. Entities differ from the rest of the world geometry since their behaviour is 

governed by data received via the network. Many theories of visual attention recognise a 

tendency in humans to define a viewed scene as a collection of objects [Fel03], which lends 

itself well to the entity-based, hierarchic implementations of the majority of virtual 

environments. The known values in this case are the absolute position of the user relative 

to the universe centre, and the absolute position of the object (this position may be 

inaccurate depending on latency, although the approach remains valid). 
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Figure 23: A radial aura. 

In this case a simple description of perceptual relevance is assumed as decreasing with 

distance. The rate of decrease may be described as linear or exponential; since typically 

entities extremely close to the user have a very high level of relevance (primarily due to 

collision detection), an exponential approach appears the most valid. Exploring the effects 

of varying this decrease within the final system may prove interesting, and offer further 

potential for refinement. 

The simplest case of exponential decrease, the inverse square law, is observed in nature for 

both gravitational and electrostatic forces. Adapting it to our perceptual field, as an 

approximation loosely based around a Weber-Fechnerian response (as described in Section 

2.2.) to perceptual stimuli around the focus of the spotlight, it can be stated that our 

saliency, or perceptual-relevance value (p-value) is given by: 

Where R is a relevance value inherent to the object (this allows for further refinement as 

objects may be given implicit relevance values - to take an example of a military simulation, 

it may be preferable to give friendly troops lower relevance as the user is unlikely to be 
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carefully aiming at them). These can be seen as relating back to the work of Beeharee, in 

that they provide the capacity for both high and low level object-based measures of 

perceptual relevance. The term "P-value" is used to emphasise the fact that the value is not 

a true probability of the entity being perceptually important; rather it is a relative value, 

which must be used in comparison to the other entities within the environment. Due to 

the nature of a virtual environment, it is useful to express this in terms of the positions of 

the twO entities (user and object) in three-dimensional Cartesian coordinates, in a universe 

with centre at 0,0,0. Hence this becomes: 

Where XI is the x component of the vector describing the user's position in space, x2 the x 

component of the entity position, and so on through y and z co-ordinates. Now consider 

taking into account not only the space around the user, but also the point around their 

visual focus. This is illustrated in Figure 24. 

Figure 24: Including focus. Darker regions illustrate higher P-values. 
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In this case, another inverse square law is applied around the focal point, and the average 

the two fields taken. Since the environment is in 3 dimensions, the distance between user 

and focal point is again taken as a vector with x. y and z components. The opportunity is 

also taken to introduce a relevance weighting for the focal point, R focu' which permits the 

importance of the focus compared to the space directly around the client to be scaled - e.g. 

a value of 0.5 would result in a heavy bias in importance to the space directly around the 

user, whilst a value of 2 would give the focus predominance. 

Thus: 

Where the centre of focus is at (X3' Y 3' Z3)' The obvious challenge arising from this is the 

need to establish this point of focus based on infonnation available from the user's 

interaction within the virtual environment. TIUs is the topic of the next section. 
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4.3 Establishing Focus 

In order to provide a rough approximation of a user's focus, an approach is adopted that 

utilises the user's input response to the scene, as discussed previously. By casting a pick 

segment along a normal from the centre of the visible display and into the scene, it can 

easily be determined which object corresponds to the pixel at the centre of the screen, but 

this method alone is insufficient, since frequendy this point will not correspond to another 

user's entity but scene geometry. Hence a function is used to determine the object most 

1i1u!J to be the centre of focus based on their proximity to the user and distance from the 

pick segment This is necessary to accommodate the fact that, for example, a very distant 

object within 10m of the segment is far more likely to be the focus than a very near object 

5m away. The net result resembles a conical segment projected from the user - similar, but 

narrower, than their field of view. 

Establishing the distance of an entity from the pick segment itself is a deceptively complex 

problem, given the need for computational efficiency. An illusttation of the situation is 

shown in Figure 25. 

User 
(PI) 

Object 
(P2) 

Figure 25: Distance of an Object &om a Pick Segment 
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Taking again the point of the client as (Xl' YI' Zl)' position of the object as (X2' Y2' Z2) and 

in this case the collision point with the universe bounds as (X3' Y 3' Z3)' the vector between 

client and bounds can be expressed as: 

Thus the distance between a point on the line at t and the object is given as: 

Where: 

The minimum distance may be found by differentiation; since at the minimum point 

d(d) =0 
dt 

Differentiating the above and solving for t gives: 

d 2 = «Xl -X2)+(X3 -XI)t)2 +«YI - Y2)+(Y3 - YI)t)2 +«Zl -Z2)+(Z3 - ZI)t)2 

+ 2t«X3 - Xl )(XI - X2) + (Y3 - YI )(YI - Y2) + (Z3 - ZI )(Zl - Z2» 

+t2«X3 _XI)2 +(Y3 - YI)2 +(Z3 _ZI)2) 

(3) 

(Which can be forther smrplifod using cross/ qNtJd prodt«ts; however sin" the eqlllllion wiD be transposed 

into an aigprith1ll it mnains simpltr anti 111m tjftdent to kave il in lhis inekgant slate) 
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Combining this with the coefficients a and b, intended to allow weighting to control more 

precisely the relationship between proximity to user and distance from segment (such that 

in the condition a = b the aura around the user and aura around the focus are of equal 

intensity), gives us a final value for the probability of an object being the focus; 

P,ocus = a~(x2 - X1)2 + (Y2 - Yl)2 + (Z2 - Zl )2 

«X1 -X2)+(X3 -X1)t)2 +«YI-Y2)+(Y3 -Yl)t)Z +«Zl-Z2)+(Z3 -Zl)t)2 (4) 

+b +2t«X3 -X1)(X1 -X2)+(Y3 - Yl)(Yl - YZ)+(Z3 -Zl)(Zl -zz» 
+t2«X3 -x1)z +(Y3 - Yl)2 +(Z3 -Zl)2) 

Subsequent to the target object probabilities being established, the focal point is shifted to 

match the position of the object with the highest probability of being the focus. It is hoped 

that users will be able to adapt their behaviour to shift their viewpoint to the point of 

interest to mirror a natural, overt response to stimuli (thus allowing the system to continue 

to make approximations regarding the deployment of covert attention), although input 

devices often impose restrictions upon the speed and accuracy with which users can shift 

their view. 

In summary, the following have been derived: 

• An equation (4) stating the probability of an object being the focus of a user within 

a virtual environment, based on its proximity to a pick segment projected along the 

centre of the users field of view; 

• An equation (1) resulting a perceptual relevance values for objects around a user, 

based on a combination of an aura around the user and an aura around their focus 

as detennined by (4); 

• A group of coefficients used to control the weightings of objects and properties 

within these equations. These fall into 2 groups; those attached to objects (Robj)' 

and those which are constant regardless of object (Rt-, a, b). The detennination 

of these coefficients is discussed in the subsequent chapter. 
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The only other values within the equations are derived from the X, y and z values of points 

in space, which are obtained at run time. The equations are sufficiendy succinct to run with 

a minimum of iteration and hence processing overhead. However, it will also be important 

to note they at most require execution once per update arrival via the network, which is 

substantially less frequent than frame rate. Coupled with dead reckoning, a 100ms update 

rate, which represents a typical minimum afforded by current Intemet hardware, results in 

10 updates per second, whilst interactive framerates are more in the region of 30 updates 

per second. In addition, the cost of fonning new connections between clients may suggest 

an even slower update rate would offer improved performance with little decrease in 

quality. This is discussed in more depth in the next chapter, and explored through the 

experiments described in Chapter 6. 
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4.4 Summary and Illustrations of Fields 

In this chapter, a spotlight model has been presented via two sets of field equations. The 

model presented in Section 4.3 attempts to describe the likelihood of an entity being the 

focus of a user's spotlight of attention by considering relative distance from the user, and 

relative distance from the centre of the screen. Figure 26 illustrates the resulting field in 

two-dimensions. In the illustration, the client is shown as a red dot, with their direction of 

view denoted by a red arrow. A simple filter eliminates the chance of clients outside the 

visual arc from being considered (otherwise the distance from line and distance from client 

equations presented in Section 4.3 would be capable of incorrectly considering clients 

behind the viewer). This could potentially be refined with additional visibility filters such as 

that of Hosseini [HPG02], but to provide a purer evaluation of the proposed method a 

simpler approach is used that eliminates entities outside the visual arc. The regions of 

highest probability are shaded white, fading to black for regions of zero probability. Of 

note is the broadening of the field near the user, as the radial distance from viewer 

component combines with the distance from the line. In effect, the focus is modelled as a 

three-dimensional cone, whose form is defined by the a and b coefficients as described 

previously. Determining the values of these coefficients is described in Section 5.6.1. 

Figure 26: Focal field generated by the proposed technique. 
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With focus detennined and placed upon a selected entity (with the highest probability of 

being focus), the second field is then established by combining radial auras around both 

client and focus. Figure 27 illustrates this field. The viewer is marked on the left, with an 

arrow indicating direction of focus to the selected client on the right. This is, in effect, our 

three-dimensional spotlight of attention. The zoom lens is accommodated in the fact more 

distant - and thus, when transcribed to the two-dimensional display, smaller - clients have 

the same rate of attenuation, which when mapped to the two dimensional display proves a 

more tighdy focussed aura. Some weighting is still given to objects nearer the client in 

order to accommodate the possibility of them rapidly moving into view, or attempting to 

interact with the user. However, unlike existing approaches, the majority of resources are 

shifted around the focal target. The fonn of this field is controlled by the ratio of Rtocus to 

R"bj - an increase in Rtocus results in the focal target being given more emphasis, whilst 

conversely, increasing R"bj results in the area around the client generating higher saliency 

values. The values themselves may potentially be computed by analysing top-down and 

bottom-up characteristics of the focal selection; though this falls into the realm of existing 

works and is thus beyond the scope of this method. The illustration shown is for the case 

R f ocus = 5Robj • 

Figure 27: Perceptual (saliency) field generated by the proposed technique. 
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5 Implementation and Testing Methodology 

This chapter details the implementation of the method proposed in the previous chapter. 

In the first section these challenges are outlined in more detail, leading towards the 

conclusion that the ideal methodological approach to evaluation involves the creation of an 

environment custom-built purely to perform experiments involving interest management 

and human perception. Such a system is then briefly outlined with specific regard to novel 

features and general design issues, and the resulting implementation illustrated. It is the 

intent throughout this section to avoid in-depth discussion of technical issues and instead 

focus heavily on the concepts behind the system. Separating the conceptual side of an 1M 

technique from practical issues is not necessarily a simple task, and if done naively can 

result in questions regarding the impact practical concerns should have on design and raise 

doubts regarding the validity of experiments that choose to ignore them. Thus this section 

places particular emphasis on cases where practical concerns have directly impacted the 

effectiveness of the proposal described in Chapter 4, such as the limitations imposed by a 

multicast architecture. The chapter concludes by means of a series of illustrated examples 

providing evidence the approach functions as described in Chapter 4. This leads to the 

more rigorous, comparative evaluation of the technique, which forms the basis for Chapter 

6. 
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5.1 Introduction 

In order to provide an adequate analysis of the method discussed in the previous chapter, it 

becomes necessary to provide some platform upon which to directly compare interest 

management paradigms. One potential approach is to look at implementing the proposed 

method within an existing environment, and directly compare it with the current method. 

A platform such as DIVE [FS98], mentioned in Chapter 3, would be an ideal candidate in 

this case since it has been extended frequendy to allow modification and metrics, a direct 

consequence of its research function. Such an approach offers the benefits of a rapid 

development time frame, and the provision of a robust system for the many other 

necessities of a virtual environment, such as content development and user interaction. 

Whilst adopting such a platform for implementation thus has advantages, there are also 

several significant drawbacks. Fitsdy, restrictions exist within the toolkit with regards to 

networking and modelling of visual attention. They may be overcome by rewriting sections 

of code, yet this raises questions regarding the impact on the existing interest management 

process, and the fairness of any subsequent comparisons. More significantly, however, the 

current interest management techniques applied using DIVE (or any other significant 

toOlkit), are often proprietary and difficult to adapt. It becomes apparent that in any case, 

some effort must be taken to replicate the current state of the art in comparison to the 

proposal in order to identify any genuine successes or failures. In the context of the 

proposed method, it is possible to consider this state of the art in very specific terms; since 

the spotlight may be integrated with grid, aura, and even the multimodal model proposed 

by Beeharee [BWH03], the only aspect of this state of the art that needs emulating is the 

component incompatible with the proposed approach. This component is the model 

equating relevance with distance from the viewer alone, and hence the spherical aura 

approximation. Thus whilst a comprehensive implementation of existing approaches is 

unnecessary, creating an interest management system with the flexibility for this specific 

aspect to by modified and experimented with is essential. 
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It is the need to provide this direct and specific comparison that leads to the notion of 

creating a test environment purdy designed to be capable of comparing interest 

management paradigms. Rather than comparing separate implementations, whose 

perfonnance may be biased by unrelated factors such as efficiency in coding or rendering 

engine overheads, we may seek to extract the concept behind the current state of the art in its 

purest fonn, and then compare it directly to the proposed method. It becomes vital in this 

case to provide evidence that the proposal would be interchangeable with the current state 

of the art in existing implementations; otherwise the case may be argued that the proposal 

is impractical. 

With particular regard to the perceptual weighting of the proposed technique, it proves 

inadequate to provide a simple comparison on bandwidth consumption between the 

proposed and current techniques. Whilst certainly, a user's inability to detect change 

alongside a reduction in bandwidth is a strong measure of success, and frequendy used in 

experiments such as those by Beeharee, a more rigorous study would imply an attempt to 

provide a metric whereby the precise threshold for change detection occurs. 

Understanding such a threshold offers the potential to allow for a subsequent optimal 

configuration of any proposed technique. Additionally, any system intended for a 

heterogeneous, Intemet-based scenario must be capable of dealing with fluctuation in 

available bandwidth. In this case simply standing methods alongside one another with 

identical bandwidths is insufficient. 

Another, more practical, concern lies with the feasibility of evaluating methods intended to 

provide massive-scale interest management when practicality only affords a handful of test 

subjects and hardware. It immediately becomes apparent that in order to provide a 

thorough and realistic evaluation as possible, the functionality to add simulated users to the 

virtual world is a necessity. Whilst several existing environments including DIVE offer 

some means for simulating additional users, this simulation affords litde or no 

consideration for the specific purpose of testing interest management. Thus simulated 

clients are manipulated locally, and removed from the network data stream where possible 

to provide better performance. Whilst this is a logical approach when attempting to create 
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an efficient environment, it has consequences for the evaluation of interest management 

when simulated clients exist outside of the interest manager's control 

Creating a custom system from scratch affords the ability to tailor rendering performance 

to available hardware, and thus ensure framerate has a measurable impact on testing, an 

impact that may ideally be eliminated. It also allows for the environment content to be 

configured as providing as fair and thorough a test as possible - e.g. geometry may impact 

the effectiveness of an interest manager by obscuring certain clients and thus should 

remain constant between tests. Additional metrics may also be implemented transparently 

without fear of immeasurable overheads indirectly introduced by a specific toolkit. Note 

that, so far, the precise experiments used to judge the effectiveness of a given interest 

management paradigm remain undefined. In creating the test environment we focus purely 

on providing a platform within which such paradigms may easily be implemented. By 

standing methods alongside one another on a conceptual level (as opposed to comparing 

practical implementations), it becomes possible to evaluate them more directly. Thus the 

first step in the methodology used for evaluation is to create this test environment, then, 

once implemented, to consider the approach used to evaluate interest management 

approaches directly alongside one another. 
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5.2 Context and Scope 

In order to create an interest management system centred upon visual attention, it is 

important to define the context and scope of the virtual environments to which the system 

would be applied. The term 'virtual environment' encompasses a massive range of systems 

with many diverse applications. In order to narrow the scope, and referring back to the 

examples of environments given earlier in this chapter, two primary assumptions are made 

about the nature of the environment 

1. The target environment is a large-scale, heterogmeollS, Infmfet-based system. This 

assumption has a wide range of potential implications. Firstly with regards to scale; 

not only is it necessary to accommodate a large number of users (10 this regard we 

assume 'large-scale' to imply users numbering in the thousands, since this is the 

current limitation of majority of Intemet-based systems), but it also implies a 

certain scalability in providing continued acceptable levels of service as the number 

of users and their distribution within the environment fluctuates. Secondly, the 

concept of heterogeneity requires we consider clients with varying bandwidth and 

latency capacities within the environment. Whereas a local area network-based 

system may assume all users have similar hardware and network service, providing 

a heterogeneous system necessitates including the capacity to scale to provide the 

optimum quality of service to each user. Finally, the Intemet-based criterion 

imposes a number of practical constraints upon the environment. It may be argued 

the term alone implies heterogeneity; and certainly the requirements of a 

heterogeneous environment are important in any Intemet-based scenario. 

Moreover, it forces consideration of available bandwidth on a more quantifiable 

level, along with latency. 
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2. The target environment aims to provide a reali.rtic virtual world. Referring back to 

Chapter 2, and the notions of believability and immersion in virtual environments, 

this assumption encourages the stipulation of further criteria which appear 

common throughout virtual environments which seek to mirror some aspect of the 

real-world: 

• Users are represented by a single 'avatar' - a graphical embodiment of their 

presence within the virtual world. This is typically a three-dimensional 

modd of a human, although more primitive environments often use 

simpler avatars in order to improve perfonnance and lessen development 

time, or to suit a specific application. 

• A physical model exists within the environment, which seeks to 

approximate that within the real world. This generally implies avatars and 

other objects in the world exist on a horizontal plane, and are affected by 

forces such as gravity. 

• Graphical content seeks to emulate the real world. Subsequendy the 

environment can be assumed to be a region of terrain, or building, or other 

locale. 

• Network data pertains only to avatars, and their behaviour. Certain 

environments such as ActiveWorIds [AW06] seek to transfer information 

regarding world geometry and other aspects of the environment at run 

time. A deliberate restriction in scope is made to consider only avatars, 

primarily since this is the case in the majority of Internet-based 

environments where it is ideal to cache world geometry on each client and 

thus reserve all available bandwidth for avatar interaction. 
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To provide some grounds for comparison, environments exist wherein none of the above 

rules apply. These often have more specific applications; collaborative working, for 

example, where users simultaneously work on a prototype without the presence of avatars 

or indeed any view of other users bar their impact on the prototype. In such situations 

providing realistic physical and graphical constraints offers no benefit and thus is absent. 

Providing interest management for these systems represents a significandy different 

challenge and is thus deemed beyond the scope of this project. 

These two assumptions do not necessarily preclude the application of the proposal to 

environments outside the scope, although imposing such limitations offers advantages in 

providing clearer grounds for evaluation, since we may consider the success of the method 

in a more specific application. Additionally, they allow for the underlying network 

architecture available for the method to be approximated more precisely, alongside giving a 

clear definition of the information available to the interest manager based upon the content 

of the environment. 

114 



5.3 Criteria for a Test Environment 

Drawing upon the previous section, the conclusion is reached that an environment created 

soldy for the purpose of comparing interest management approaches would offer the 

optimum capability for experiment and evaluation. Given this basis, the criteria with which 

such an environment needs to comply, in order to provide a fair and accurate platform for 

evaluation, warrant some discussion. 

In the particular context of interest management and its evaluation, the facility must be 

provided to perform experiments based upon measures of networking demand and human 

perception. Due to the qualitative nature of perceptual research, the implication of the 

involvement of real-world users within the environment must be considered. Primarily this 

involves developing the facilities common to many environments - sufficient graphical and 

simulation functionality must be provided to allow users to distinguish their environment 

and other users. Referring back to the notions of immersion and believability discussed in 

Chapter 2, it is important to provide a simulation sophisticated enough to allow subjects to 

interact as would be expected in a typical1aIge-scale virtual environment. 1bis requirement 

can be further broken down into two main categories, as per the concept of immersion 

discussed by Kim et al. 

• Pmmtation - 'The graphical content needs to be adequately detailed to offer users 

some degree of immersion within the environment. Critically, it must be 

recognisable as a facsimile of the real world. 

• Interaction - A limited interaction modd must allow for basic movement of the user 

avatar and viewpoint. 
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These aspects of the environment must be sufficiendy devdoped in order to create the 

immersion defined by Kim et aL, which represents a primary goal of the environments the 

proposed method seeks to serve. Failure to devdop either aspect adequately may conflict 

with a perceptually oriented method as users fail to exhibit perceptual traits due to 

irreconcilable differences between the environment and real world. 

A more practical limit is imposed by hardware; in particular it must be possible to ensure a 

framerate sufficiendy high to avoid interference with perceptual experiments. The point at 

which this occurs is commonly termed the 'JIkIur.fosion threshold" [pro13]. Typically, this is 

taken as 36 &ames / second since higher values are generally indistinguishable by humans, 

although the precise value has remained a subject for debate since the advent of early 

motion pictures, and shown to be related to a large number of factors, such as alertness 

[par82]. This relates back to the interest management implementation; the true minimum 

for the framerate to ensure a fair test must equal the minimum interval between network 

updates. Ideally this should also be above the flicker fusion threshold. Monitoring this 

leads to another essential criteria - the need to provide the capacity for clear and 

transparent perfonnance metrics of all aspects of the system. Specifically concerning 

interest management; the ability to seamlessly change the interest manager on the fly offers 

the potential for change-detection type experiments. In general interest management must 

be implemented in a dynamic fashion to accommodate the necessity to evaluate various 

approaches within the environment. With the aims established, the next section details the 

development of such a system in more detail. 
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5.4 Developing a Test Environment 

In the previous section, we defined key criteria as being presentation, interaction, the 

facility to provide metrics and a dynamic approach to interest management. 

By carefully considering the location of the interest manager within the system and 

network infrastructure, it becomes possible to create a design whereby the concept behind 

the interest manager may be changed whilst keeping the networking layer isolated. Doing 

so requires a design emphasising the separation between networking and rendering; in 

effect compartmentalising the system such that components may be interchanged 

seamlessly. Existing virtual environments, such as those described in Chapter 3, may be 

seen to contain several common components as shown in Figure 28. 

Replicated Rendering Display 
Database Engine ..... Device 

Immutable Content ~ 

~ 

Interactive Content ~~ Input 
,Ir 

Network 
Device User 

..... ~ ..... 

-

FIgUrC 28: Mood for a Generic Distributed Virtual Environment 
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Central to the environment is a store of data commonly referred to as a rrplitaleti database. 

Under ideal conditions, this should be simultaneously identical for each user within the 

VB. In reality, network latency and bandwidth restrictions result in portions of the 

database being inconsistent. A common distinction can also be made between ifll11lNlabil 

and interadive content. Immutable content remains the same for all clients throughout the 

life of the simulation. This typically represents the majority of the data in kilobyte tenns; 

for example, the geometry and textures required to represent a vehicle or region of teaain. 

Whilst more sophisticated environments aim to integrate immutable and interactive 

content more closely (for example, users being able to drive the vehicle across teaain with 

subsequent tyre tracks left on the tem.in and damage to the vehicle), many existing 

environments incorporate a large amount of immutable content. Interactive content, by 

comparison, consists of the aspects of the environment that may be modified by the user. 

Whilst the geometry and textures for the aforementioned vehicle may remain static, the 

location and state of the vehicle may not. For interactive content to appear consistent to all 

users, it must be distributed via the network. The most common example of interactive 

content is user avatar position, orientation, and state (although, once again, the geometry 

and texturing of these avatars are commonly immutable). 

Another feature common to all virtual environments is a rendering system that serves to 

translate the raw information in the replicated database to a rendered frame. This is in turn 

displayed to a user who responds via an input device to modify interactive content within 

the replicated database and thus interact with the simulation. Such interaction typically 

consists of reorientation or movement of their associated avatar within the virtual world, 

alongside application-specific actions such as opening doors or communicating with other 

avatars. From this generic model, it becomes evident that the database aspects of the 

environment may be effectively separated from the rendering process. Interest 

management may thus be seen as lying between the replicated database and network; 

utilising information within the replicated database to best determine the most critical 

updates to propagate and request via the network. 

Referring back to the environments briefly described in Chapter 3, a peer-to-peer design is 

advantageous in representing a progression towards larger scale, Internet-based 
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environments. Whilst certain existing systems successfully adopt a client-server approach, 

these systems scale poorly in comparison to peer-to-peer approaches as illustrated by 

DIVE [FS98] (a successful peer-to-peer environment), as client-server approaches prove 

ultimately limited by server capacity and centralised network load. Whilst it remains 

possible to consider interest management on a conceptual level independently of 

underlying network architecture, in practice an implicit link exists between networking and 

interest management technologies - such a link is evidenced by the enhancements to 

interest management made possible via multicasting. In the case of this implementation, a 

logical decision is made to adopt a peer-to-peer architecture on the basis that such an 

approach will form the foundation for future large-scale Internet-based environments. The 

decentrallsed load is also beneficial when considering the hardware available for testing 

purposes. 
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5.5 Overview 

Figure 29 on p.l22 shows the framework and data flow for the proposed architecture. A 

replicated database approach is adopted, which emulates the approach common to existing 

environments as illustrated in the previous section. The system is created using a 

combination of Java and Java3D, with the latter API being used to provide a simple and 

efficient means to create a rendering engine for the simulation, allowing design and 

development emphasis to be given to other areas of the system. A replicated, immutable 

database provides a terrain mesh and other geometry used within the simulation. The local 

client data store shown in Figure 29 represents interactive components alone, in the case of 

this simple environment this being solely the position and orientation of the user and other 

clients within the terrain. 

A discrete configuration utility used prior to run time affords some degree of dynamicism 

in supporting varying numbers of clients and interest management paradigms, plus 

affording some scalability within the rendering engine to enable it to run on a wider range 

of hardware (by providing both windowed and full-screen modes at various levels of 

resolution). Multithreading is used extensively at run-time, with a number of modules 

running independendy: 

• The Java3D rendering engine utilises a multithreaded approach within the API. 

This is isolated from the other aspects of the system, with updates on the locations 

of avatars and viewpoint orientation being read from the local world database and 

passed to the renderer each frame. 

• Additional clients, used to simulate overcrowding, are designed to run in individual 

threads. These client simulation and emulation engines, discussed later in this 

chapter, are intended to run either alongside a real-world client, or independendy 

on a stand-alone machine to distribute the simulation load. 

• User avaw control interfaces directly with the local database to update the user's 

avaW position and orientation, with subsequent effects on rendered frames. Again, 
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the goal in providing user interaction is to emulate the functionality common to 

existing VEs in order to facilitate as generic an evaluation as possible. 

The outgoing data stream handles low-level networking tasks such as packet construction 

and scheduling, alongside multicast group assignments as specified by the interest manager. 

Similarly, the incoming data stream reads and processes packets as they arrive, performing 

subsequent updates to the replicated world database. 
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Figure 29: System Overview 
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5.5.1 Terrain Generation and Following 

In meeting the criteria discussed earlier in this chapter, a key aspect of the system is the 

graphical content that serves to provide an immersive virtual environment. Central to this 

is the terrain generation system, which acts as a platform for the avatars within the 

environment. Believable terrain plays an important role in allowing users to make a clear 

recognition of the real-world parallel to the simulation, as identified by Kim et al .. Relating 

this back to the central goal of providing a platform to evaluate interest management, the 

terrain itself must be considered when performing experiments, since terrain occlusion and 

its effects on perception have a direct impact on the perceived effects of a filtering 

technique. A versatile terrain generation system is developed, which relies upon a source 

bitmap image to construct a height map. A sample image is shown in Figure 30. The image 

is processed with brightness values for each pixel (within an hue/saturation/brightness 

colour model) being used to construct a 2-climensional array of height values. This method 

allows for different regions of terrain to quickly be created using a simple paint package, 

and interchanged within the environment to provide different conditions. 

Figure 30: The bitmap image used to generate the terrain height map. 
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The region of terrain shown within Figure 30 is created such that a large, central open area 

is surrounded by raised hills. An important issue to consider is the effect of visibility on the 

effect of the interest management technique being evaluated. Since interest management 

methods already exist which incorporate visibility culling, such as the work of Hosseini 

[HPG02], discussed in Chapter 3, a deliberate attempt is made to avoid scenarios where 

visibility may affect the effectiveness of the method being evaluated. The proposal is 

intended to serve within situations where visibility culling alone is inadequate, and thus in 

order to provide adequate evaluation it is important to define the terrain such that this is 

indeed the case. Furthennore, visibility culling remains entirely compatible with the 

proposal and may be considered a component of the current state of the art, and thus by 

eliminating it from both interest management implementations some simplification can be 

made with regards to both implementation and evaluation. 

On a final, more technical note, the height map produced from the image is processed into 

triangle strips, aligned to provide a seamless terrain mesh. This is a standard approach 

within terrain visualisation, and although the method lacks many refinements such as 

octree-subdivision to improve perfonnance, the resultant mesh may be rendered at an 

acceptable framerate on the available hardware. The mesh is additionally vertex-shaded 

based on the height map to provide enhanced realism, and finally rendered as a solid 

region. The mesh and resulting visualisation are shown in Figure 31. 

Figure 31 : Rendering Terrain. Terrain mesh (left) and final rendered terrain area (right), using the 
source Image shown in Figure 30. 
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The height map is again exploited in order to provide a terrain-following solution for 

clients within the environment. By retaining the height map in memory following terrain 

generation, the appropriate vertical co-ordinate position for any avatar within the 

environment may be simply extrapolated by considering their horizontal co-ordinates. The 

extrapolation method considers the proximity of a client to the four nearest points within 

the height map and produces a measure of the appropriate height given the slope of the 

mesh. It proves important to ensure this functionality is successfully implemented since 

unexpected client motion due to movement over rough terrain may easily be 

misinterpreted by an observer as a consequence of network latency and hence interest 

management. The method uses bilinear interpolation, as shown below (for notes on the 

psuedocode format used throughout this structure, refer to Appendix III): 

method getValue (float x, float y) / /gets the height value at lateral 

co-ordinates x, Y by interpolation from terrainArray[] [] 

int xl round to nearest integer(x); 

int yl = round to nearest integer (y); 

int x2, y2; 

//by rounding to the nearest integer, check which point 

the given co-ordinates are nearest to 

if (round to nearest integer (xl)!= round to nearest 

integer (xl+O.5» x2 = xl+l; 

else x2 ... xl-l; 

if (round to nearest integer (yl)!= round to nearest 

integer (yl+O.5» y2 = yl+l; 

else y2 = yl-l; 

//extract the 4 nearest points from the terrain array 

float hl (float) terrainArray [xl1 [yl]; 

float h2 = (float) terrainArray [xl1 [y21; 

float h3 = (float) terrainArray [x2] [yl]; 

float h4 (float) terrainArray [x2] [y2]; 

float xVal absolute value of (x - xl) ; 

float yVal absolute value of (y - yl) ; 

float solution = hl + (h2-hl)*xVal + (h3-hl)*yVal + (hl-h2-

h3+h4) * (xVal*yVal); //bilinear interpolation 

return solution; 
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When implemented, the method is capable of being executed once per frame with minimal 

impact on perfonnance on the test system. Whilst potential issues with precision occur 

through the use of floating point values, the calculation is sufficiendy accurate to provide 

no visible artefacts as the accuracy subtends the distance shown by a single pixel in nonnal 

use of the environment. 

126 



5.5.2 Client Simulation 

Another prerequisite of the system is the ability to simulate large numbers of clients within 

the environment. Due to inherent complexities of human behaviour, weighed against the 

constraints of development time and available processing power, such simulation inevitably 

must prove a limited approximation of human avatars, rather than a realistic simulation. 

Figure 32 shows the integration of the client simulation approach within the architecture. 

Client 
Emulation .. Engine 

, 

Client 
Simulation 

, Engine 

.&1 

I .. 
C onfi guratio n 1/ Outgoing -. ~ Data Object I-t Data Stream 

~ 

t ... Incoming 
Data Stream 

Figure 32: Client Simulation Engine and directly connected components 
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Two distinct types of client are created; sillllllattti and tllllllated. Simulated clients are 

intended to mirror real-world users are closdy as possible; existing as independent entities 

which multicast infonnation on state to the network. Simulated clients are assigned names 

and network ID codes identically to real world users, yet avoid the rendering subsystem. 

They also incorporate interest management, applied from their viewpoint as it would be to 

a real world user. However, this is implemented in an upstream-only fashion, since running 

the interest management and associated database functionality at real-time for multiple 

simulated clients results in performance degradation to the extent it becomes impossible to 

run more than a handful of clients on a single machine. The need to provide simulation of 

a large number of clients, coupled with limitations in available hardware, result in this 

approach being adopted. 

The consequences of such an approach are that global bandwidth measures become 

invalidated, since simulated clients are not placing a downstream demand on the network. 

Approximations may however still be made by considering trends in perfonnance for 

individual real-world clients (for more discussion of these metrics see Chapter 7). With this 

compromise made, it becomes feasible to simulate 25 clients on a single machine before 

performance degradation starts to occur. The point at which such degradation occurred 

was detennined by simulating a steadily increasing number of clients, as shown in Figure 

33 overleaf. Whilst doing so, CPU load was measured using standard software supplied 

with the operating system. As would be expected, linear behaviour is observable, with 25 

clients being a conservative estimate, to ensure no additional load from system processes 

during run-time resulting in overloading. 
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The client emulation engme is implemented to enable more simple evaluation of the 

implementation on a single machine. Emulated clients run on a single host, and are looped

back through the incoming data stream, in effect bypassing the network yet appearing to 

the interest manager to be identical to sources of network information. 1bis allows for an 

environment to be rapidly populated with a large number of locally simulated clients. 1bis 

method may be used to produce clients that may be used to test the interest management 

process without the presence of a network. 
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The client behaviour algorithm is identical for both emulated and simulated clients. It 

involves random periods of motion along a straight line, followed by random turning and 

stationary phases: 

method moveSimulatedClient 

double direction, duration, velocity, tirneElapsed 

velocity = 0.8; //constant velocity 

loop indefinitely 

direction = (2*Math.PI) * RNG(); 

duration = 8000 * RNG(); 

tirneElapsed = 0; 

while (timeElapsed < duration) 

pause this thread for 1/100th of a second to prevent overloading 

timeElapsed = timeElapsed + 10; 

lateralCoordinate = (float) (xPos + 

Math.sin(direction + Math.PI) * velocity); 

longitudinalCoordinate = (float) (zPos + 

Math.cos(direction + Math.PI) * velocity); 

vertical Coordinate 

extrapolateFromTerrain(lateralCoordinate, longitudinalCoordinate) 

Where RNGO returns a pseudorandom number between 0 and 1. 

1bis approach adopts the same terrain following method described in the previous section 

to exttapolate the vertical co-ordinate of the client &om the progressively modified 

position. The method itself runs within a thread, which may be paused when the client 

remains stationary. Configuration of these clients is possible via the configuration utility 

shown in Figure 34. 
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Figure 34: Simulating Clients. The client simulation configuration utility (left), and simulated clients 
within the virtual world (right) 

The most crucial question regarding simulated clients is whether their behaviour is 

sophisticated and realistic enough to provide valid evaluation of a method intended for use 

within environments populated by thousands of real-world users. Referring back to the 

notions of top-down and bottom-up attention - from a bottom-up perspective they 

possess the same characteristics as a real-world client, and have the capability to generate 

attention cues through their random motion. However, they lack the interactivity to 

perform within tasks or activities, and hence are less satisfactory with respect to top-down 

behaviour. Subsequently, it is necessary to devise experiments that incorporate multiple 

real-world users to provide a more rigorous analysis - a single real-world user in an 

environment filled with such simulated clients would be unable to participate in any task

driven behaviour that involved interacting with other users. 

Essentially, the simulated clients are a necessary approximation given the difficulties in 

obtaining hundreds of real·world subjects for experiment. They effectively simulate a large 

crowd, which may behave independently of the tasks of real-world users, and thus create 

an overcrowding scenario intended to stress the interest management technique. 
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5.6 Implementing the Proposed Method 

Having described the basic structure of the system, this section goes on to discuss how the 

interest management approach described in Chapter 4 is implemented within. Doing so 

primarily involves the translation of the theoretical approach defined previously into 

pseudocode suitable for implementation. Figure 35 illustrates the components directly 

connected to the interest manager - this is an implementation analogous to existing peer

to-peer approaches such as that of DIVE [CH93]. In this specific implementation, a 

configuration object is used to allow the interest manager to receive dynamic parameters 

for configuration. 

Configuration 
Data Object 

r 

Interest 
Manaler 

Outgoing 
Data Stream 

Incoming 
Data Stream 

Figure 35: Interest Manager and Directly Connected Components of the System 

Recalling the system architecture diagram in the previous section (Figure 29), note that the 

interest manager runs autonomously, in a thread separate from network and visualisation 

components. By acting upon the incoming and outgoing data streams at run-time, the 

multicast groups used for outgoing and incoming data may be changed dynamically. Thus 

the key challenges is implementing the proposed approach include describing the field

based approach in as computationally simple a means as possible; quantising the field 

results to define interest groups; and providing the logical multicast group assignments 

required to apply these groups to the network data streams. The first step in this sequence 

involves establishing a means to calculate the focal probability for an object relative to a 

user, and the subsequent perceptual relevance (p)-values for all objects in the world. 
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Thus firstly for focal probability a method is defined: 

method calculateFocalProbability 

define userPosition as vector 

define userDirection as vector 

define focusposition as vector 

define targetPosition as vector 

focusposition.y = userPosition.y; //simplify the method by working in 

two-dimensions 

focusposition.x=Math.cos(2*Math.PI(double)clientOrientation.y 

Math.PI/2»; 

focusposition.z=(float) (Math.sin(2*Math.PI-(double)clientOrientation.y 

- Math.PI/2»; 

focusPosition.x=userPosition.x + focusPosition.x; 

focusPosition.z=focusPosition.z + userPosition.z; 

Thus far the absolute position of the focal point of the user has been determined. based on 

the assumption their visual focus is at the centre of the screen described in Chapter 4. A 

simplification of the situation is also made in our simulation by only considering the x and 

z-axis, and not the vertical y-axis. 1bis assumption remains adequate for any terrain-based 

situation where there is no probability of users existing with identical x and z-coordinates 

and differing y-coordinate values (i.e. a client stood directly above another within a 

building). A more rigorous, computationally-intensive solution would be relatively simple 

to implement for more complex environments by simply extrapolating y values based on 

symmetry to the x and z calculations. However, for the simulation used for evaluation, a 

simple flat area of terrain is used and hence the y-axis co-ordinate is irrelevant. 
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The next stage involves casting a line from the users position through the focal point, and 

thus calculating focal probabilities based on a point-line distance approach as described in 

Chapter 4. The point-line distance d may be expressed as: 

And hence this must be translated to psuedocode where X2 is the client position, Xt the 

target position and Xo the focal point. It is also advantageous to include the alb ratio 

described in Section 4.3 (as focusAttenuationCoefficient) to allow weighting 

of focal probability based on distance: 

double focusAttenuationCoefficient 

vector X2 clientPosition 

Vector Xl targetPosition 

Vector XO focusPosition 

Vector X2Xl X2 - Xli 

Vector X1XO Xl - XOi 

Vector crossProduct = crossProduct(X2Xl, XlXO)i 

DistanceFromLineComponent = 

cross.length() / X2Xl.length()i 

DistanceFromUserComponent z 

focusAttenuationCoefficient*X2Xl.length()i 

return (DistanceFromLineComponent + DistanceFromUserComponent) 

} end method 

Using this method a value for the focal probability of any client within the locale may be 

obtained. Before describing how this method is applied by the interest manager, it is also 
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worthwhile to define a similar method used to calculate the p-value of any client within the 

environment based on the established focal point. 

method calculatePValue 

vector clientPosition 

vector focusposition 

vector toCalcPosition 

double x clientPosition.x - toCalcPosition.x 

double y clientPosition.y - toCalcPosition.y 

double z clientPosition.z - toCalcPosition.z 

double xl focusPosition.x - toCalcPosition.x 

double yl = focusPosition.y - toCalcPosition.y 

double zl focusPosition.z - toCalcPosition.z 

p I/Math.sqrt«x*x)+(y*y)+(z*z» 

clientTargetAuraRatio*(l/Math.sqrt«xl*xl)+(yl*yl)+(zl*zl») 

return P 

+ 

In this method, distances x, y and z are defined as the distance between user 

(clientPosition) and a given point (toCalcPosition). The distances xl, y1 and zl are 

included as distances between the client selected as the object of focus (focusPosition) and 

the given point. p may then be expressed as a combination of the length of the vectors 

described by (x,y,z) and (x1,y1,z1). By introducing the coefficient clientTw:getAuraRatio it 

becomes possible to shift the p-values weighting to predominandy objects near the tw:get 

in the case clientTargetAuraRatio> > 1 and objects near the user in the case 

clientTargetAuraRatio< < 1. 

Between these two methods, we have a means to describe the fields proposed in Chapter 4 

by calculating their intensities as return values at any given point. In the case of the method 
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to establish focal probability, this intensity represents the relative probability of an object 

being the object of focus. In the case of the method to calculate p-value, the intensity 

represents the relative perceptual importance of the object. The next stage is to express 

how these methods may be applied iteratively to all clients in order to calculate the p-values 

for a given distribution of clients within a virtual environment. Once this is complete, the 

values may be assigned to multicast groups and network subscriptions performed. 

In order to illustrate this iterative application of these methods, the proposal is now 

defined in psuedocode on the highest level, using the two methods previously discussed to 

calculate focal probability and subsequent p-value: 

method applylnterestManagement 

//select the client with the highest probability of focus 

for all clients within locale 

focalProbability = return of calculateFocalProbability 

if focalProbability > currentMaximum 

currentClient selectedClient 

currentMaximum = focalProbability 

//generate a perceptual field based around this client, calculating p

values for each client in the environment 

define pValues[] as an array 

for all clients 

pValue [] return of calculatePValue(where selectedClient = 

focusposition) } 
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5.6.1 Field Fonn Coefficients 

In devdoping the method, some value must be determined for the ratio between a and b 

coefficients (i.e. the value of the variable focusAttenuationCoefficient) as 

described in the Section 4.3. This ratio effectivdy controls the weighting with respect to 

focal probability, between proximity to the centre of the display, and proximity to the users 

viewing point. As defined in the previous sections, these coefficients observe behaviour 

such that when b > > a: 

a 
--+0 
b 

In this case, the focus is placed entirely on the object most central on the screen, regardless 

of its rdative distance to the viewer. This is undesirable since it promotes rapid changes in 

focus as the user moves the viewpoint (as a consequence of fluctuating between distant 

objects), and also in that it is prone to identifying barely-visible distant objects whilst 

ignoring highly prominent nearby clients which fail to intersect with the centre of the 

screen. Conversdy, in the case that a» b: 

a 
--+00 
b 

This situation implies the only governing factor is distance from the viewer, and thus the 

focal prediction is effectivdy based around the current state of the art, which assumes 

distance from user to be the predominant measure of rdevance. Optimising the method 

implies striking a balance between a and b such to gain the advantages of both approaches. 

137 



Figure 36 illustrates the effect of varying the alb ratio of the focal point. In the image on 

the left, a > b and hence the nearby client, offset from the centre of view takes prominence 

(note that further increasing a would result in the foremost client becoming the target of 

focus). In the right-hand image, a is reduced, resulting in the focal selection being the more 

distant, yet central client. 

Figure 36: The effects of al b ratio on focal point. 

Determining an optimal value for the ratio, and perhaps even extending the value to be 

dynamic dependant on context, represents a substantial challenge, noted in Chapter 7 as 

future work. For the purposes of providing a functional implementation for which to 

perform an analysis, an approximation of the value is made based on a simple series of 

observations and practical experience with the method. To allow for experimentation, the 

capability to adjust the ratio between the two values by means of keystrokes is 

implemented - in effect holding one key increases the value, and the other decreases it. It 

then becomes possible to observe the effects whilst using the environment, and adjust the 

values in an attempt to achieve the best quality of simulation. 

Experience within the environment with the values suggests optimum performance within 

a situation where b > a, and thus the majority of the emphasis is placed upon the distance 

from the centre of the screen. 1bis is a favourable outcome with regards to the proposed 

method; the current state of the an works upon the assumption a > > b, since it filters on 
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distance from the user alone. Whilst the sample of subjects used to evaluate this value 

remains too small to be conclusive, more rigorous evaluation of the proposed method 

described in Chapter 6 is hoped to provide further argument in favour of this approach. 

Drawing from these observations, a value is implemented of alb = 0.03. 

Again referring back to Section 4.3, the method is additionally weighted by the relevance 

values of the sdected focal target, and viewer <Rroa.. and Roo; respectivdy). These values 

affect the resulting saliencies computed by the method, after focus has been established. It 

is intended they be computed by a modd such as that of Beeharee [BWH03], in order to 

evaluate clients on an additional level. 

In the implementation described, all clients are visually identical, save for an identification 

labd above the avatar. Thus the assumption is made that Rux:.. remains constant for all 

clients. Whilst this may not be the case in a more sophisticated environment, it remains 

trUe for this simple implementation, since all avatars have identical characteristics. Again, 

the functionality is added to change the ratio dynamically, and the effects of changing 

weighting from client to target observed. Effectivdy, having a value too low for Roo; 

promotes the possibility of a very near, yet offset client being given low saliency. 

Additionally, clients behind the user that rapidly move into view are poorly supported since 

the interest manager fails to accommodate them until they enter very close proximity. 

Using too great a value results in an emulation of the traditional aura-based approach, 

wherein only nearby objects are considered and no weighting given to the focal sdection. 

Thus once again a short experiment series is perfonned, with the value varied and best 

approximation sdected. This again indicates results in favour of the proposed approach, 

with a value for Rux:.. being chosen as thirteen times greater than the value for Roo;. Again, it 

should be stressed this is an approximation enforced due to experimental constraints, 

although the general evaluation of the proposed method in Chapter 6 gives some insight 

into the effectiveness of this configuration. 
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5.6.2 Quantisation and Multicast Assignment 

Ideally, the update rate of each individual client should be defined entirely as a function of 

salience. This would effectively allow for the most salient clients to be given a maximum 

rate of updates, with the frequency of updates decreasing in a continuous fashion to less

relevant clients. Unfortunately, the nature of networking implies some compromise must 

be made between defining update rates as a function of salience, whilst simultaneously 

attempting to obtain the benefits a multicast architecture allows. Defining values on a per 

client basis implies a new multicast group must be formed for each client-to-client 

communication; effectively reducing the network structure to unicast and negating the 

advantages of multicast. Conversely, placing all clients within a single multicast group 

eliminates the ability to utilise saliency, and is prone to the issues common to existing 

virtual environments, such as overcrowding. Thus although the proposed method 

generates saliency values that are continuous in nature, a multicast architecture implies that 

these values must be transcribed into a discrete number of multicast groups, the total of 

which seeks to strike a balance between perceptual gains and technical limitations. In 

effect, the most salient clients must be grouped into a high-resolution group, and additional 

tiers, containing lower saliency clients created. In practical terms, this means all clients must 

be set to broadcast at " levels of resolution, and the interest manager tasked with 

subscribing to the correct level of resolution for each client, given the calculated saliency. 

To determine an optimal value for" accurately would entail a substantial series of 

experiments, wherein perceptual impact was measured for a wide variety of configurations. 

Due to constraints regarding the practicality of such a task within the scope of this thesis, 

an approximation is made. This is based upon research such as that by Sears and Pylyshyn 

[SPOOl, which suggests that, within a spotlight of attention, the visual system is typically 

only capable of tracking five simultaneous objects. To allow for some leniency, and in an 

attempt to avoid unintentionally inducing an attentional response by rapid changes in 

priority and thus update rate for ''borderline'' objects (i.e. objects whose saliency fluctuates 

rapidly), groups are configured into six layers of relevance; a first, global layer, which 

encapsulates all clients within the locale at a low level of resolution, and five increasingly 

higher tiers, with reducing numbers of clients. This configuration is summarised in Table 1. 
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GrOUD Update Rate (ms) Total Clients Total Packets I Second 
2400 190 79.17 
800 2 2.50 
500 2 4.00 
100 2 20.00 
80 2 25.00 
50 1 20.00 

Table 1: Multicast Configuration 

With this configuration, the total packets / second for all groups is approximately 150. 

'This corresponds to the downstream rate for a single client within the virtual environment. 

Given a reasonable packet size (for a practical virtual environment) of 512 bytes, this 

represents a level of bandwidth consumption comparable to existing Intemet-based virtual 

environments. 

With the approach detailed in concept, the issue is worthy of some practical discussion. 

Given the array of p-values representing the perceptual value of each client relative to the 

user (as determined in the previous section), multicast groups must now be assigned based 

on these values and the assumptions stated above. In order to perform this assignment, we 

need to first declare a protocol by which IP addresses will be assigned to clients. A simple 

approach is adopted wherein the address space 224.1.xxx.xxx is used, with the first 0-256 

space used to define the client number and the second the level of resolution, which 

represents the update rate for the group. As an example, 224.1.4.0 would correspond to 

client 10#4 at the highest level of relevance, whilst 223.1.1.5 would represent client ID#l 

at the Slh level of resolution. 

At this point, a number of technical issues present themselves that whilst conceptually 

irrelevant to the proposed method place restrictions on the implementation. The reader 

will no doubt have noticed that by using IP address space for each client, a limit is placed 

on the total clients in the environment by the IP protocol itself. However, whilst this 
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simple implementation restricts itself to 256 clients, fuller use of the available addresses by 

adopting the range 22x.xxx.xxx.xxx would allow for far more (655,350) clients without 

interfering with the majority of common network and Intemet services. Whilst this is 

certainly adequate for any environment in the near future, the additional benefits of the 

likely adoption of IPv6 [LJS96] would easily allow for sufficient addresses to allow an 

environment with more clients than the current global population of around 7 billion. Thus 

it is reasonable to eliminate address space as a major cause for concern. 

Additional issues primarily involve the cost of multicast (un)subscription, particularly in the 

situation where an attempt is made to subscribe to a group where a subscription already 

exists. Since the act of subscribing itself contains network overheads, any situations where 

multicast assignments may change extremdy rapidly has the potential to induce overheads 

which negate the benefits of the proposed method. To prevent this, a number of 

mechanisms are implemented which serve to place restrictions on the rate at which 

attempts are made to change subscriptions. 

The first such mechanism simply involves adjusting the rate at which the 

applyInterestManagement method is applied to the match the fastest network update rate 

present. In this situation whilst there is no degradation in the quality of the interest 

management (since the state of the client database remains constant in the interval between 

updates), the computational load is decreased by running the method less frequendyand 

the network overheads associated with performing multicast assignments are reduced as 

the frequency of interest management applications decreases. Secondly, by directly keeping 

a local store of current group assignments, attempts to make multiple subscriptions to the 

same group can be prevented without resorting to polling the network API or operating 

system. This is perfonned by keeping a two-dimensional array of Boolean values that 

represent the current subscriptions in tenns of client number (the first dimension) and 

resolution (the second). Each time the interest manager iterates, the array of required 

subscriptions is first cleared: 
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for (each client) 

for (each level of resolution) 

tosubscribe[this client] [this level of resolution] false 

Then subsequendy, the infonnation from the pValueD array is utilised to set the values in 

the toSubscribeD array to true where appropriate: 

integer totalToAssign total number of clients 

for (each client) 

integer current Index = NthHighestIndex in pValues [] array where n .., 

current value of totalToAssign 

for (each level of resolution) 

if (n<maximum permitted clients per group at this resolution) and 

(pValues[this client] != -1) 

{ 

tosubscribe[currentIndex] [current level of resolution] = true 

decrement totalToAssign by 1 

break from this loop 

In this code, we utilise a generic method, NthHighestIndex. which searches an array for the 

nih highest value (where n is an integer), and retums an integer corresponding to the index 

in the array of this value. This is a relatively common programming task, although the 

solution adopted is included below for completeness: 

method NthHighestIndex(integer n, array toSearch[]) 
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array sortedArray[] 

for (each array element) 

sortedArray[f] = array[f] 

sort sortedArray by element values 

unsortedArray[] = toSearch[] 

float val = sortedArray[length of array-n] 

for(m = 0 to m = length of sorted array) 

if (unsortedArray[m]==val) return m; 

return -1 Ilif no match 

This method in turn utilises a sort method assumed to be capable of sorting an array into 

an ordered series of values. The majority of programming languages (Including the Java 

Ianguage used for implementation) provide a generic method for this task and thus we 

omit the code used for this task on the assumption the API provides an adequate and well

tested function. It is worth noting that in the situation of multiple identical values, the 

method retUrns the lowest possible value; e.g. a call NthHighestJndex(4, {2,4,4,4,4,5,6}) 

will return 2 and make no attempt to notify the calling method there are multiple 

occurrences of the same value. Fortunately in the context of this interest management 

technique the situation where two objects have equal values is near impossible, since it 

would require two clients occupy the same position (or positions with a line of symmetry 

defined by the vector between user and focal point) to a degree of accuracy such that 

floating point co-ordinate values in all three dimensions were equal. Even in this situation, 

the interest management would remain effective since the error would only occur for a 

single update provided one client was moving; and if all three clients were static the 

position updates would become irrelevant. 
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Returning to the discussion of the previous section of code employing the 

NthHighestlndex method, the approach can be seen to be iterating through two 

nested loops, in order to analyse each client at each level of resolution. Whilst the method 

iterates through the array of p-values in the order they appear in the array, before checking 

through the levels of resolution a call is made to NthHighestlndex to establish the 

current index to assign. Thus assignments are made in order of priority, with the most 

significant client being assigned first. For each level of resolution a reference is made to the 

maximum pennitted clients in this level and if this is this is less than the current number of 

clients left to assign an allocation made. The end result is a Boolean array 

toSubscr ibe [] stating the recommended multicast assignments. Having built the two 

Boolean arrays, multicast assignments may now be simply perfonned by comparison, and 

subscription / unsubscription calls made where there are discrepancies between the two 

arrays. The state of the alreadySubscr ibed [] array is preserved between iterations 

of the interest manager, preventing multiple subscription calls being made where 

unnecessary: 

for (each client) 

for (each level of resolution) 

if (alreadySubscribed[this client] [this level of resolution] is false) 

and toSubscribe[this client] [this level of resolution] is true) 

subscribe to 224.1. [this client]. [this level of resolution] 

alreadySubscribed[this client] [this level of resolution] s true 

if (alreadySubscribed[this client] [this level of resolution] is true) 

and tosubscribe[this client] [this level of resolution] is false) 

unsubscribe from 224.1. [this client] . [this level of resolution] 

alreadySubscribed[this client] [this level of resolution] - false; 
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With the interest management infrastructure in place, the information sent via the network 

is worthy of some consideration. The packet structure (Figure 37) remains constant 

regardless of interest management approach, representing the data needed to update the 

position of an avatar in the virtual world: 

TCP/IP AvatarID Avatar Name Position Orientation Flags 
Header 

-6Obytes 32 bits (mteger) -15 bytes (byte/char) 96 bits (3 floats) 96 bits (3 floats 16 bits (short int) 

Figwe 37: Packet Structutt. 

The bulk of the packet consists of the IP header, which contains information required to 

correctly transmit the information across the network (mcluding source and destination 

information, and sequencing data). This is typically in the region of 60 bytes. A unique ID 

number used to identify each avatar is included, alongside a string representing the avatar's 

displayed name within the environment. Two three-component vectors representing 

position and orientation form the vital information used for positional updates. A final 

fidd is used for flags that may be manipulated to mark clients or induce global events such 

as a change of interest management technique. 

In the context of commercial distributed virtual environments, optimising packet size is 

crucial in providing as efficient a system as possible. Furthermore, sophisticated 

environments typically have a greater packet size, as avatars and their interactions require 

additional information to be transferred. However, since the proposed method works 

independendy of packet size, emphasis is given on providing a simple structure that 

transfers all information relevant to the simulation. Consequendy, the header information 
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required by the IP protocol is significandy larger than the data within the packet. Larger 

packet sizes would have a direct impact on the bandwidth required, with the update 

interval between packets increased to compensate. In this respect the proposed method 

may be considered to accommodate varying packet sizes since update rates of multicast 

groups as defined in the previous chapter may be changed to compensate. Additionally, 

UDP offers clear advantages over TCP lIP in decreasing packet size, since additional IP 

header information such as sequencing is irrelevant in this context. TCP lIP has advantages 

in simpler implementation, however, and since perfonnance within the system is measured 

in relative (comparison between techniques) rather than absolute terms, perfonnance 

optimisation is unnecessary. 
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5.6.3 Hysteresis 

An additional phenomenon presents itself when implementing a spotlight-based approach, 

which mirrors an issue discovered by Funkhouser and Sequin [FS93] when attempting to 

apply visual attention to the rendering process. The issue centres upon objects with near

identical saliency values, arising due to extremely close proximity, but may also be induced 

by rapid re-orientations of the field of view. Effectively, objects rapidly oscillate in priority 

within the system. In the context of the work by Funkhouser and sequin, this is seen to 

result in rapid changes in level of detail for threshold objects, which evoke an unintended 

response from the viewer. In the case of this implementation, however, the change is much 

harder to perceive since the level of detail remains constant, with only the frequency of 

updates regarding position changing. Such rapid shifts in priority are, however, extremely 

expensive with regards to multicast subscriptions. 

In order to accommodate this issue, a hysteresis-based approach similar to that used by 

Funkhouser and sequin is adopted. Rather than simply limit the multicast subscriptions 

permitted per second arbitrarily, an approach is taken which compares the relative 

saliencies of objects and only induces a shift between multicast groups if this saliency 

exceeds a certain threshold. The value of this threshold is minimised in an attempt to 

ascertain a balance between an optimal implementation of the spotlight concept, and the 

overheads implied by the multicast architecture. Again the capacity to modify the value at 

run-time is implemented; with experience within the environment weighted against 

multicast subscription rate (the method used to measure subscription rate and results are 

later described in Section 6.2.2). In the absence of the facilities to perform more rigorous 

evaluation regarding the optimum value, an approximation is again made which is 

subsumed into the evaluation process described in Chapter 6 when comparing the 

configured proposal against an approximation of the current state of the art. Since the 

oscillation only becomes a significant issue regarding performance when the multicast 

subscription calls increase dramatically to several hundred per second (m the rare case that 

twO clients coexist in the same virtual space), a low threshold value of 0.5% is applied, with 

no apparent impact on quality. 
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Having described the practical implementation of the proposed technique, it becomes 

possible to consider configuring the method within the environment. The next sections 

detail the approach used to allow configuration of interest management both before and 

during run-time, and subsequent analysis of the method, in order to confirm it to be 

working as intended before evaluation. 
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5.6.4 Interest Management Configuration 

A central goal of the system is providing a dynamic, configurable approach to interest 

management. In addition to the proposed method outlined previously, the facili ty to 

configure other interest management approach for evaluation purposes is provided, leading 

to the experiments described in the next chapter. It is also necessary to provide the facility 

to fine-tune the proposed approach by adjusting the variables defined in the previous 

chapter. In order to provide these facilities, a configuration utility is developed and 

integrated as shown in Figure 38, to allow interest management presets to be created that 

may then be switched between during run-time. Run-time switching presents an issue with 

the peer-to-peer nature of the system - consistency must exist in the interest management 

approach across all clients, or attempts to address non-existent multicast groups result 

Thus run-time switching of techniques must result in the propagation of a request via the 

network to perform a simultaneous change between methods. This is implemented by 

adding the facility for a client to change between presets by setting a network flag. 

I I • • 
C onfigurati 0 n Interelt r-. Outgoing ~ Network 
Data Object -to Mana leI' Data Stream 

~ Incoming 

r-. Data Stream r4 

Configuration Keyboard I Mouse 
Utility Input 

:""I 

Figurc 38: Configuratlon Utiliry and dircctly connccrcd componcnts 
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Presets are specified via a configuration utility, shown in Figure 39. The mode pane (top 

left) allows the generic type of interest management to be selected. Global update rate (top 

right) allows the specification is milliseconds of the delay within which all clients are 

mutually updated. This is typically in the region of several seconds, and allows aura-based 

interest management to be performed. Aura configuration (bottom left) allows for 

different spotlight attenuation models to be examined. Groups per client (bottom right) 

enables the creation of higher update-frequency multicast groups which are individually 

configurable (mset). 

Launch Render Presets Structures 

Enwonment j P-VaIueS 

Mode: 

Terrain 

Global updllte rllte (ms): 

• None 

Single Aura 

Proposed 

Aura COI'IIIgwallon 

Attenuation mode: 

CllenlfT arget Ratio: 

200 

Multicast Groups per Clent 

5 

conrlgUl"e Groups •• 

oup tUnber (Jl) Max Clients 

2 
4 

6 

055.1.x.3) B 

055.1.x.4 ) 10 

Update Rate (ms) Predicted kbps 

20 0 

100 0 
200 0 
400 10 

60cif 0 

Cancel OK 

Figure 39: Screenshot of the IM Configuration Tool. 
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5.7 Testing the Implementation 

With the model proposed in Chapter 4 implemented, the final issue before attempting to 

evaluate its success is to verify the method works as described conceptually in Chapter 4. 

Such verification has already been done partly within the previous section (the 

demonstrated impact of adjusting a and b values, for example, gives some evidence the 

focal approach is correctly implemented). However, it is important to provide a more 

rigorous assessment before moving on to describe perceptual experiments and perform 

measures of bandwidth consumption in Chapter 6. 

To this end, it is necessary to first implement a means to configure interest management 

dynamically. Whilst the configuration utility described previously allows for the 

environment to be configured prior to run-time, the facility to change interest management 

seamlesslyas the system runs provides an enhanced platfotm for evaluation. Section 5.7.1 

details the approach used to implement such a capability. With the means to modify 

intereSt management in this fashion implemented, a thorough analysis of the 

implementation of the proposed method is provided in Section 5.7.2. 
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5.7.1 Dynamic Interest Management 

Figure 40 illustrates the user interface used to configure interest management. Run on a 

single client, this allows the interest management system used by all clients to be changed 

dynamically. This is achieved by using the offline configuration utility described in Section 

5.6.4 to create a number of stored presets. Each preset contains information on the 

multicast group arrangement, global update rate, interest management approach used, and 

parameters used to configure the interest management (such as the a and b coefficients). 

Presets are stored locally on each client within the environment. 

Figure 40: Two illustrations of the interest management configuration panel. 

When the user changes the interest management paradigm by use of the interface shown in 

Figure 40, a flag is set in outgoing packets from that peer to change method, and 

propagates to all clients via the network. Subsequently, multicast groups are reformed and 

the environment re-synchronised. The entire process takes in the region of several hundred 

milliseconds, and appears seamless to users. Only one client need be used to trigger the 

change; acting as a control client for experiments. 
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Allowing such a capability is advantageous when perfonning perceptual experiments, as 

outlined in Chapter 6. Integrating the dynamic capability within the interest management 

process itself, so the interest management approach could adapt in response to network 

load or other factors would appear an interesting avenue for further research (noted in 

Chapter 7), although much of the success of the dynamic implementation lies in the fact 

the large-scale environment is merely simulated on a high-perfonnance local area network. 

Attempting to reconfigure Iarge numbers of multicast groups in such a fashion in a truly 

distributed, Internet-based scenario would result in a much larger delay due to hardware 

constraints. Hence the dynamic capability is used purely as a tool for evaluation, and each 

defined interest management approach is held static during evaluation. 

With a basic virtual environment created, and the proposed method implemented together 

with a means for dynamic configuration, this ability to reconfigure and examine the interest 

management process is now exploited to confirm the process is working as intended. This 

is the focus of the next section. 
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5.7.2 Visualisation of Results 

Inspecting the approach presents something of a paradox; the proposal intends to exploit 

the limitations of human perception and utilise change blindness to filter less relevant 

clients, although in order to visually confirm the system is functioning the changes must be 

in some way perceived. Using the dynamic method described previously allows for some 

capacity to change systems rapidly in order to note any changes, although this still makes 

confirmation of a correct implementation difficult. To solve this problem, the capability is 

added to shade entities based on their saliency (p-values) determined by the proposed 

approach. This has the effect of illustrating how relevance is being assigned. Figure 41 

shows a screenshot of the environment with shading in effect. Clients are shaded on a scale 

(show in the top left of Figure 41) with red representing zero relevance and blue 

maximum, shades in between representing interim values. 

Figure 41: Relevance Shading 
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In Figure 41, it can be seen that the most prominent clients are shaded dark blue, enforcing 

the notion that the visible clients are correctly calculated as the most salient. A closer 

inspection of the central right hand region of the image in Figure 41, shown in Figure 42, 

demonstrates the background clients towards the side of the image to be given lower 

saliencies, since they are away from the focus. However, high priority is given to the focal 

target, marked in Figure 42 as client A, visible on the far left (and central to the overall 

display). Nearer, yet offset objects on the right-hand side of the image such as client B can 

be viewed to have lower relevance. 

B 

Figure 42: Close-up of the central, right-hand region of Figure 41. Marked are the focal target (A) and a 
closer but less salient client (B). 

To offer further clarification, the ability to use the simulated clients mentioned previously 

to stress the interest management technique may be considered. A worst-case scenario (and 

the best example) for the focal technique is a long, oscillating line of clients, with the client 

stood roughly parallel to the line. TIlls is due to the fact such a scenario rapidly induces 

change in the object of focus, as clients oscillate in and out of the centre of the screen. 

Figure 43 overleaf illustrates this configuration via a group of 100 simulated clients. By 

observing the behaviour of the proposed method in this situation it is easier to identify the 

object of focus. 
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Figure 43: Configuring simulated clients to stress the implementation. 

Applying the colouration approach to this line of clients offers further clarification; 

however, due to the large volume of clients, some difficulty exists in using a gradient 

shading approach to demonstrate the order of saliency values. Since the clients with the ten 

highest saliencies are devoted the majority of resources, as per the multicast configuration 

outlined previously, identifying these clients directly is advantageous. To enable this, an 

adapted colouration technique may be utilised which colours objects more distinctly. In 

Figure 44, such an approach is shown for a client viewing the line of simulated clients. The 

five most salient clients are coloured red, and subsequently lower saliencies coloured 

orange, yellow, green and blue in that order. 
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Figure 44: Multicast Shading and Point of Focus 

With this method, it becomes much more readily apparent that the focus is centred on the 

point at which the line intersects with the centre of the field of view. By comparison, the 

traditional aura-based approach would tend to favour the clients on the extreme right of 

the image, since they are closer to the viewer. An interesting test of the proposed method is 

to reallocate focus to the end of the line. In this situation, saliencies should be assigned in 

decreasing value along the line. Figure 45 shows that this is indeed the case (note that this 

image is cropped to illustrate the saliency assignment; the centre of the screen is, in fact, on 

the left of the image). 

Figure 45: Confirming Multicast Assignment 
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5.8 Summary 

In this chapter, the development of a virtual environment designed to provide a means for 

both quantitative and qualitative evaluation of interest management has been documented. 

Due to the inherent complexity of virtual environments, drawing upon diverse computer 

graphics, database, and networking concepts, several assumptions are necessary, and where 

possible this chapter has justified them to as great an extent as possible. Fundamentally, the 

environment provides a general (though unoptimised) approximation of many existing 

environments, providing a region of terrain and simple models representing human avatars. 

Having created such a foundation, the method proposed in Chapter 4 has been 

implemented and configured. Whilst many aspects of environment design and content may 

have an effect on the experience perceived by a user, by implementing an approximation of 

the current state of the art alongside the proposed method, comparative evaluation may be 

performed within the system, with the only variable being the interest management 

paradigm used. Such an approach is necessary since the perceptual nature of the system 

means analysis of bandwidth characteristics alone is insufficient. Additionally, a goal of the 

proposed method is to allow lossy reduction in quality of simulation in situations where 

overcrowding occurs, and thus experiments in reducing bandwidth and noting effect on 

perceived quality of simulation are described to be of interest. 

With emphasis given to experiments most relevant to evaluating interest management, and 

considering limited resources in terms of hardware and tester availability, experiments are 

now defined which aim to provide qualitative insight into the success of various 

techniques. The next chapter also presents the results of these experiments, alongside 

measures of bandwidth consumption for various methods, to provide a rigorous analysis of 

the proposed method. 
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6 Experimental Design and Results 

This chapter details the devdopment of metrics intended to evaluate the success of the 

proposed method, via the implementation discussed in the previous chapter. In order to do 

so, it is necessary to consider the success of the method in obscuring the effects of limited 

bandwidth to users, in comparison to the current state of the art. In the particular context 

of the method proposed by this thesis, an additional consideration is imposed by the 

perceptual nature of the technique - evaluation must include some consideration of the 

human end-user and their response to the method. Doing so involves the creation of 

experiments that bring together a significant number of real-world users collaborating 

within a virtual environment. To this end, a series of perceptual experiments are devised, 

which involve a group of users interacting within a sequence of tasks. By illustrating to 

users differing update rates for clients within a virtual world, and thus providing them with 

a reference, they are asked to estimate the quality of simulation by means of approximating 

the delay between updates. Section 6.1 explains the rationale behind these experiments and 

their implementation, with particular regard to the approach used to emulate and compare 

the current state of the art to the proposed approach. 

It is also necessary to provide an analysis of bandwidth consumption and multicast 

subscription rates, in order to fully appreciate the network load within the various 

experiments. In Section 6.2 the nature of these measures is explained and their results for 

each experimental configuration presented. Two instances of the experiment session are 

performed, in part to ascertain the impact leaming and experience has on the effectiveness 

of the system; the first instance is with a small sample of users experienced with the system, 

and the second with a larger, random sample of subjects. Results for these two sessions of 

perceptually-oriented experiments with 5 and 10 subjects are shown in this chapter, and 

analysed in an attempt to ascertain a direct comparison between the bandwidth consumed 

by the system and resulting quality of simulation. These results, presented in Section 6.3, 

suggest the ability to reduce the measured bandwidth substantially using the proposed 

method, with little impact on the perceived simulation. 
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6.1 Experiment Design 

Whereas the previous chapter concemed itself with the implementation of the proposed 

method, and centred around experiments intended to illustrate the proposal perfonning as 

expected under a set of controlled variables, this section moves on to answer the crucial 

question of whether the method provides tangible benefits over existing interest 

management techniques. In order to achieve this, real-world users are introduced to the 

environment alongside simulated clients, and used to evaluate three simulations: the first 

with no interest management, the second an approximation of the state-of-the art, and 

finally the proposed method. This introduces several complex questions, most notably how 

to provide an implementation of the current state-of-the art when interest management is 

typically application-integrated with few, if any, standards existing. This section seeks to 

address these issues, and also present the rationale behind the experiments detailed in this 

chapter. 
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6.1.1 Evaluating Perceived Quality 

Chapter 3 provides evidence that the majority of interest management approaches are 

evaluated with respect to their reduction in bandwidth consumed. Hence the simplest 

measure of success for an interest management technique is to prove a reduction in 

bandwidth whilst quality of simulation remains unchanged. However, the proposed 

technique has at its core the notions of scalability that are often described as key to 

internet-based environments. Subsequently, we aim to both provide this simple measure of 

success as a means of comparison to existing techniques, but also to look more closely at 

the nature of the relationship to quality of simulation and how minor reductions in this 

respect may lead to worthwhile decreases in bandwidth consumption, or its reallocation to 

actually enhance the quality of simulation over locale or aura-based methods (by providing 

greater update rates on the most significant clients). 

Thus having loosely established the framework within which we are evaluating interest 

management, we may now go on to discuss how existing interest management approaches 

have tended to be evaluated with respect to their impact on bandwidth, with regards to 

developing a method for evaluation for the proposed system 

As noted in Chapter 3, quality of simulation itself is a much harder variable to measure due 

to both its relationship to human perception and a relatively smaller body of existing work. 

We effectively need to answer two questions when comparing interest management 

techniques in terms of their impact on quality of simulation; firstly is the difference 

noticeable to users, and secondly, if so, by what margin does one technique provide better 

quality of simulation over another? Furthermore, we must also consider the behaviour of a 

single technique as available bandwidth is varied and clients move throughout the 

environment gathering and dispersing, effectively asking these same two questions. 
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The first question, of simply noticing a difference between two approaches, is by far the 

easiest to answer. Drawing from basic experimental psychology, and relevant experiments 

into effects such as change blindness [RRC97], it immediately becomes apparent that 

utilising as large a group of testers as possible is desirable. Furthermore, from other 

experiments into the nature of top-down attention [CEY04], it becomes apparent that a 

user's task within an environment is liable to affect their visual attention gready. Since 

creating virtual environments with pmctical application implies some type of inherent task

based nature, to simply ask users to randomly move throughout an environment and 

identify discrepancies alone would appear insufficient. A factor also noted frequendy by 

researchers performing any type of test within a virtual environment is the close 

relationship between familiarity with the interface (both in terms of input and output), and 

the effectiveness with which users both perform tasks and detect changes within the 

environment - this may be related back to the notions of immersion and presence defined 

in Chapter 3 [KDEOO]. 

Whilst theoretical predictions and practical measures of bandwidth consumption can offer 

some means for evaluation, the perceptual nature of the proposed technique warrants a 

qualitative aspect to evaluation involving real-world users. To devise experiments aimed at 

such evaluation, advantage is taken of the ability to dynamically change interest 

management at run-time, as discussed previously. The need to provide a rigorous and 

thorough evaluation of the proposal in a wide variety of conditions is balanced by the 

constraints inherent to gathering a large group of testers for a prolonged series of 

experiments. Additionally, since the evaluation must be comparative (taking the proposed 

technique alongside other interest management approaches), experiments must be repeated 

multiple times. This presents a challenge in creating sessions that provide meaningful 

evaluation within a limited timeframe. 

Th ough assigning users interactive tasks within an environment is expected to affect their 

perception and hence subsequent response in evaluating interest management, the actual 

effectiveness with which they perform the task is often used as a metric for the success of a 

perceptual technique. This has been used as a measure for the effectiveness of rendering

based approaches described in Chapter 3 such as that of Sundstedt et al. [SDLOS]. It has 
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drawbacks, however, in the context of interest management since interaction and devising 

meaningful tasks proves complex, particularly when additional variables arising from the 

unpredictable nature of human interaction within the environment are taken into account 

(when first presented with the environment described in Chapter 5, many user's focus 

automatically on finding one another and interacting, regardless of task). It is thus 

advantageous to define additional means of measuring the effectiveness of a given 

approach rather than task completion alone. 

Drawing from the evaluation methods used for existing techniques ([BWH03], [MLS05], 

[GB95], [OG02D, we can detennine some general themes of test 

• Change detection between techniques. Essentially, can a change be noticed 

between intereSt management technique A and interest management technique B 

within the same environment? 

• Change detection between bandwidth. Given the same interest management 

technique, but different configurations to consume less bandwidth, is a change 

noticeable? 

• Quality. In the event change can be detected, which method 'feels' more natural to 

the user and provides the better-looking simulation? 

Within these three themes, we can also define two types of experiment which apply to 

both: 

• Non-objective based experiments. 'This is simply allowing a user to roam within a 

virtual environment, under different interest management approaches and 

bandwidth conditions. 
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• Objective based experiments. This involves giving a user a task to do, to alter their 

perception and hence observe what effect this has on their response to changes in 

interest management technique and bandwidth. These objectives may be further 

broken down into two categories: 

o Environment-centric. An example would include finding a static geometry 

object within the scene. Essentially, the interest management approach has 

no effect on this test except for providing a background. 

o Entity-centric. This would typically entail interaction between two clients 

within the environment. Hence interest management plays a role in this 

interaction and subsequently should have a far greater effect on the test 

than in the environment-based case. 

Given limited resources with which to test, it is logical to place an emphasis on objective 

based, entity-centric experiments, since they provide the most direct evaluation of the 

success or failure of interest management, particularly in a visual-attention based context. 

Two such entity-centric experiments are devised. These centre on giving users clear, 

objective-based tasks that involve interaction with other users within the environment. 

They are chosen particularly to stress and evaluate different aspects of the interest 

management process, and comprise: 

• A "grolljJing tJditJi!y". The most common cause of breakdown in interest 

management techniques is the gathering of a huge number of users in a small 

region, and the consequent increase in load. In this task, users are randomly 

distributed throughout the environment and instructed to find other real-world 

users through a crowd of simulated clients. The users identify one another via 

labels attached to the top of their simple avatar, as shown in Figure 46. These 

identifiers become legible at approximately the same distance facial or other 

recognition would be possible with more sophisticated avatars. This has the goal of 

providing a transition &om low to high client density within a small area, and 

subsequently stressing the interest management. 
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Figure 46: A single client and identifier 

• A "tag game". This mirrors the simple real-world game of tag, wherein one user is 

randomly selected as being tagged, and must search out and tag other users, again 

amongst a crowd of non-participating simulated clients used to induce 

overcrowding. The game is implemented in a 'last man standing' fashion wherein 

tagged players remain tagged until only a single player remains, at which point the 

game ends. To enable tagged users to catch others within a reasonable timeframe, 

it is necessary to increase their movement speed slightly (a value of 20% is used). In 

order to allow users to identify, and thus tty to avoid, tagged users, the avatars of 

tagged users are shaded blue. This promotes a range of behaviours in participants, 

including evasion, searching, and distribution throughout the environment as users 

seek to evade or tag other users. 

These two activities result in a variety of phenomena intended to stress test interest 

management In the case of the grouping activity, the environment starts with evenly 

distributed users, and then gradually they form into a single location, creating the 

overcrowding problem noted in Chapter 3. Users are also constantly performing a visual 

search task in order to find other users, with consequences for their deployment of visual 
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attention. The tag game again seeks to explore different distributions of users, as opposed 

to the grouping activity users are initially inclined to scatter, and gradually redistribute 

throughout the environment. In avoiding tagged users they are also typically attempting to 

identify and elude more distant clients in a way similar to online games and military 

simulations such as NPSNET. Conversely, tagged users are attempting to avoid the crowd 

of simulated clients in order to track down other participants. 

Within these two activities, it is necessary to provide a comparison between the proposed 

method, and current state of the art. One of the most difficult questions posed is how best 

to represent the current state of the art, in order to allow such comparisons. Rather than 

attempt to emulate a comprehensive approach such as those detailed in Chapter 3, it is 

instead preferable to focus on the key characteristics that differ from the proposed 

method, to allow a more fundamental comparison. Returning to Chapter 4, the method is 

described as a field defined by radial auras around both client and focus. Recalling equation 

1 from Chapter 4: 

Consider the case of the proposed method configured such that R foau = o. In this case 

the right-hand term is eliminated and thus: 

This represents a single, radial aura centred upon the viewer. Whilst existing methods apply 

additional functionality, such as a high-level grid partitioning, visibility culling, or 

consideration of objects on a top-down/bottom-up level, these methods all imply either 

this behaviour, or a more simplistic equal-relevance measure ignoring distance from user 
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Q.e. P = 1). No method applies an additional aura around the target of focus, which is the 

reserve of the proposed approach. Thus, it becomes possible to consider the state of the 

art as this special case of the proposed method, and provide direct comparisons. The P = 1 

case may be eliminated from consideration since distance based filtering has been 

repeatedly shown to offer improved performance in both interest management and other 

scenarios [HPG02], [FS93] and hence the current state of the art is approximated using 

equation 5. 

Whilst research such as that of Beeharee also serves to provide attention-based 

enhancement to interest management, and may in this respect be viewed as the state of the 

art regarding attention-based interest management, it centres on top-down and bottom-up 

models that adjust the relevance of objects - Rolli in the case of this model. By keeping this 

value constant within the experiments performed on the method, it is possible to focus 

only on the aspect of this current state of the art incompatible with the proposed technique 

_ i.e. the relationship between distance from viewer, focal point, and resulting salience. 

Thus the experiments are intended to offer a direct comparison in these respects alone, 

with a view towards creating a method compatible and complimentary to the current state 

of the art to as great an extent as possible. It is unnecessary to provide evaluation of those 

aspects that the proposed approach does not seek to modify (and attempting to do so 

would impose other variables which may compound the results), and hence a complete 

implementation of all aspects of the current state of the art is deemed unnecessary. 

With two experiment activities defined and a basis for comparison established, the next 

section discusses the precise configurations of interest management utilised throughout the 

tag and grouping activities, in order to compare differing approaches and configurations. 

Arising from this is a set of twelve experiments (the two activities described through six 

interest management configurations), forming the basis for evaluation. 
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6.1.2 Experiment Configuration 

Arising from the discussion in the previous section, evaluation requires that entity-centtic 

teSts be devised. seeking to test and quantify the differences between approaches. Using 

the dynamic interest management capabilities of the system described in Chapter 5, it is 

possible to define interest management configurations prior to an experiment session, and 

change them dynamically. This includes versions of the proposed method, and a current

state of the art approximation created via the configuration described in the previous 

section. In order to validate the experiment it is also necessary to prove users capability to 

estimate update rateS to within such degree of accuracy that obtained results may be 

justified following analysis of experimental error. To do this, additional iterations of each 

experiment are included using no interest management, with both high update rates (within 

3Oms) and low (using the same bandwidth available to the proposed technique but without 

applied interest management). Hence for purposes of experimentation, six different 

configurations of the interest management process are considered. Throughout the 

remainder of this section, these headings are used to refer to the individual configurations: 

• A ''maximNlII-pnformana'' scenario, which uses all available bandwidth. Since the 

environment developed in Chapter 5 is deployed over a local area network for 

teSting purposes, this results in an extremely high update rate on all clients and 

subsequently fluid motion for all entities within the environment. 

• A"no j"tmst IIIll111J!!111mt" configuration that throttles the available bandwidth to a 

more realistic value for an Internet-based, large-scale virtual environment. The 

subsequent result is less fluid motion for all entities as the delay between packets 

increases. The delay between updates is set at 133Oms, resulting in a total of -150 

packets / second. The following configurations for the proposed method and 

current state of the art approximation seek to use this same packet rate, but allocate 

resources more efficiently to provide a higher quality of simulation. 

• A ''jJruposItJ at 100%" configuration. In this case, the bandwidth between nodes 

remains the same as the no interest management case. However, the interest 

management approach is deployed to more efficiently allocate this available 

bandwidth. The coefficients used to configure the method are used as determined 
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in Section 5.6.1 and seek. to provide the best performance possible. Multicast 

groups are configured as per Chapter 5, restated here in Table 2 for comparative 

purposes with Tables 3 and 4 (total for this configuration -150 packets/sec): 

Group Update Rate (ms) Total Clients Total Packets I Second 
2400 190 79.17 
800 2 2.50 
500 2 4.00 
100 2 20.00 
80 2 25.00 
50 1 20.00 

Table 2: Update Rates used for Proposed Method at 1000/0, and Current State-of-the-Art 
Approximation. 

• A I'almnt state of the art apJmJximalion'~ The proposed technique is modified as 

described in the previous section to eliminate the spotlight-based aspect, and hence 

represent the interest management process with the spotlight enhancement 

removed. This uses the same multicast arrangement as the proposed method at 

100%. 

• A I'propoSeJ at 80%" configuration. This reduces the available bandwidth by roughly 

20% from the no interest management, proposed at 1 00%, and current state of the 

art approximations. The exact percentage is measured by metrics discussed in the 

next section. This enables some consideration of how well the system performs as 

network performance descreases. In order to enable this reduction in bandwidth, 

the multicast group update rates are decreased, to match the configuration shown 

below (total-117 packets/sec): 

Group UDdate Rate (ms) Total Clients Total Packets I Second 
3000 190 63.3 
1500 2 1.3 
800 2 2.5 
200 2 10 
100 2 20 
50 1 20 

Table 3: Update Rates used for Proposed Method at 80% 
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• A ''Proposed aJ 40%" configuration, which reduces the available bandwidth still 

further, to 40% of the original amount, as shown below (total ..... 70 packets/sec): 

Group UDdate Rate (ms) Total Clients Total Packets I Second 
5000 190 38 
2000 2 1 
1500 2 1.3 
700 2 2.9 
300 2 6.7 
50 1 20 

Table 4: Update Rates used for Proposed Method at 40% 

A total of 200 clients (the subjects involved in the experiment, and 190+ simulated clients) 

exist in the virtual world, which mirrors a single grid-cell as described in Section 3.3.2.1. 

This value is chosen since it is beyond the simultaneous, per-frame update capacity of 

existing environments (and will thus stress interest management), whilst remaining within 

the processing limitations imposed by available hardware. Deploying each of these six 

configurations across both grouping and tag activities results in a sequence of twelve 

experiments, which form the basis for the results presented in Section 6.3. To provide an 

evaluation of interest management during these tasks, several methods of evaluation are 

considered: 

• Asking users to state a simple preference for the technique used in a certain 

experiment (which has dtawbacks due to the sequence of the experiments 

impacting perceived results). 

• Asking users to rate each experiment on an arbittary scale (again, with dtawbacks 

due to experimental sequence, and more critically being too vague an assessment 

method). 

• Asking users to estimate the performance of the interest management more 

directly by estimating the delay between client updates within each experiment. 

Ideally in the case of the proposed method this should result in lower estimations 

of delay for the proposed method versus current state of the art approximations 

given equivalent bandwidth availability. 
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The third approach is adopted since it provides the most meaningful data for analysis, but 

has several drawbacks. Firsdy, for inexperienced users, explaining the effects and meaning 

of various update rates presents a minor obstacle. Thus in order to obtain an 

approximation of users preference and ability to detect change between techniques, 

participants are shown an ongoing illustration of clients at a steadily oscillating update rate, 

varying between 30 and 2000ms over a period of 30 seconds. The current update rate is 

stated on the display. This is provided in response to preliminary testing wherein users 

expressed difficulties translating their view of the environment to an estimation of the 

delay between client updates. Figure 47 shows users participating in an experiment. The 

large screen shows an ongoing illustration of the effects of various update rates on client 

behaviour, and is used as a reference by participants for estimating the delay during various 

experiments. A handout and survey, given in Appendices I and II respectively, details the 

task and is used to collate their responses. 

Figure 47: Users participaong in an experiment within the shared environment. 
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6.2 Performance Metrics 

Having established in the previous section the multicast configutations to be used for 

various experiments, this section now considers the methods used to analyse these 

configurations to determine the true network load induced. Whilst an approximation is 

possible by simply considering the total packets / second implied by the configurations 

shown in Tables 2, 3 and 4, it is important to evaluate them more rigorously to ensure no 

unforeseen factors have an impact on the effectiveness of the method. One such factor is 

the cost in subscribing and unsubscribing to multicast groups, detailed later in this section. 

The most generic bandwidth consumption tests involve measures of packets sent between 

nodes / second and bytes sent between nodes / second, with the majority of experiments 

favouring a measure of packets due to the application independence of such an approach. 

Consequently, measures of both these factors are worthwhile experiments. Whether these 

factors may be determined mathematically depends on the nature of both simulation and 

interest management approach; the key factor being whether the movement of clients 

(essentially the only pseudo-random factor) affects the number of packets sent. As an 

example, one interest manager may update all clients within a given radius of one another, 

and will hence consume more bandwidth as clients pack into a small virtual space. By 

comparison, another might define sets of clients and various resolutions and place them 

into groups depending on proximity, while keeping bandwidth use constant, such as the 

proposed technique. Since we intend to evaluate basic aura-based approaches that fall into 

the first category, alongside the proposed method, it becomes necessary to implement 

bandwidth measurement tools within the system alongside mathematical predictions. 

Performance metrics may be split into measures of distinct variables at run-time. Of these, 

the foremost is bandwidth consumption, since the experiments defined previously seek to 

perform an analysis of the proposed method against the current state of the art 

approximation, given the same bandwidth overheads. However, a generic measure of 

bandwidth consumption itself fails to provide sufficient information; since the underlying 

network infrastructure is also modified between techniques, with the proposed method 
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likdy to induce more multicast (un)subscriptions, which have an inherent cost. Thus two 

measures are presented with respect to network load: The bandwidth consumed, and 

multicast subscriptions / time. 

• BandWilh (()1ISN11Iea is measured in terms of packets / second, rather than kilobytes / 

second. Since our simulation uses a packet size typically smaller than that of more 

immersive environments (see Figure 37 for an illustration of packet content), it 

proves misleading to supply results that could be erroneously compared to 

kb/second output from other systems. 

• Mllilkast SIIbsmptions / time is a measure of the additional network load imposed by 

rapid changes in the object(s) of interest to the client. Typically this value may be 

expected to increase in crowded situations or as a consequence of the user moving 

or reorienting their view quickly. Such behaviour is easily identified as a spike in the 

number of subscriptions - a critical comparison in evaluation is how well the 

proposed method handles such behaviour and how well it compares to the current 

state of the art approximation. 

Additionally, measured performance of the simulation in terms of frames / second when 

using more rigorous interest management approaches allows consideration of the 

performance impact of the proposed method. Whilst this remains an issue partially in the 

realms of implementation and hardware (the multithreaded nature of the architecture 

would suggest improved performance on dual-core systems), it is important to 

demonstrate a consistent framerate above the threshold by which it may interfere with the 

perceived quality of the simulation. Failure to provide such a framerate may lead to results 

for experiments in the subsequent section being influenced. In order to ensure this is the 

case, all clients are modified such that the framerate must remain a stable 36 frames / 

second, and if this ceases to be the case, a waming is generated. To ensure a constant 

quality of simulation to all clients, identical hardwue is used for all machines, and the 

maximum framerate capped at 36 frames / second 
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6.2.1 Bandwidth Consumption 
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Results shown are for an environment with 100 simulated clients, plus one live client used 

to record the data. The live client follows a set path through the environment for each 

time, and the downstream data (packets arriving to the clients port) are recorded and time 

stamped. The resulting log file is parsed into the above graph. The six experimental 

configurations used in later experiments are thus measured in tenns of the network data 

created, in order to compare them accurately in tenns of bandwidth consumption. Whilst 

the bandwidth is intended to be set by direct configuration within the system, hardware 

and networking restrictions may place additional limitations on packet rates and thus a 

comparison using measured network data is worthwhile. Evidence for this can be first seen 

in the maximum configuration, which represents a simulation wherein the packet rate is 

limited only by available hardware. A distinct reduction in packet rate occurs after 

approximately four seconds, and may be accounted for by a bottleneck forming within the 

network. Analysis of this method over a longer time period suggests the rate stays constant 

beyond this initial reduction. Asides from this exception, all approaches exhibit highly 

linear behaviour with average correlation coefficients 1±1xl0-s. However, the aura 
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configuration, representing the current state of the art, suggests higher bandwidth 

consumption than the two proposed and no interest management settings. This is despite all 

three methods being intentionally configured to use a similar amount of bandwidth. 

Such a discrepancy may be accounted for by several factors. Firstly the difficulty in 

configuring three differing approaches to consume identical amounts of bandwidth must 

be considered; although values used in configuration (see Appendix) are correct additional 

processing and network overheads, which are initially transparent, may have some 

influence. Further analysis indicates the increased consumption may be a consequence of 

the threaded approach resulting in update rates slightly larger than those directly specified, 

since execution time and shortage of CPU resources may have an effect. Regardless, this 

represents no problem, provided the increased bandwidth is considered when evaluating 

the perceptual experiments perfonned using this configuration. Additionally, slight 

variance from the intended 80% and 40% of original bandwidth examined when using the 

proposed technique can be observed, again as a consequence of underlying hardware and 

software limitations. Table 5 summarises the deviances from intended value. 

Maximum update Rate 
No Interest Management 

mentMethod 

ra I Current State of the Art Approximation 
Proposed Method 
Proposed Method at 80% 
P Method at 40% 

Packets! Second 

1420.1 
156.1 
175. 
155. 
133. 
101.1 

% Bandwidth 

Table 5: Summary of total packets scot over time and resulting pcn:cntage bandwic:lth, when compared to the no 
interest management case. 

To obtain measures of packets per second used in Table 5, a linear regression is perfonned 

(linear behaviour is expected, assuming the quality of service provided by the network 

remains constant) on each data set and the gradient of the resulting trend line observed. In 

all cases a low correlation coefficient indicates accurate approximations, to within 0.4 

packets / second. 
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6.2.2 Multicast Subscription Rate 
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To measure multicast subscriptions per second, a test client again follows a preset route 

within an environment containing 100 simulated clients. Multicast subscription calls 

invoked by the interest manager are recorded and time stamped. Both approaches show a 

linear increase in subscription calls with time. Slight variance over short time periods may 

be accounted for by situations where clients are static or persist in the same region of 

interest, leading to a lower subscription call rate. In the case of the proposed method 

particular spikes can be accounted for by the viewpoint reorienting rapidly (and thus many 

new focal selections taking place). Due to the fact the proposed method promotes a more 

distributed aura, focussed upon a potentially distant target of focal selection, and may 

assign new groups based on a reorientation of the viewpoint, a higher subscription rate is 

induced. Sampling over a 3 minute time period suggests a rate of 2.3 subscriptions / 

second for the proposed method, and 1.5 subscriptions / second for the aura 

approximation - a notable 53% increase for the proposed method. 
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6.3 Experimental Results 

With an understanding of the precise implications of the six experimental configurations 

described in Section 6.1 established, this section now presents the results of the sequence 

of twelve experiments for two separate groups of users. Having illustrated in the previous 

section a series of quantitative results, showing the ability to monitor bandwidth 

consumption and adjust it by appropriate configuration of the interest manager, the results 

for two series of perceptual experiments following the designs described in Section 6.1 are 

now presented in Sections 6.3.1 and 6.3.2 

Two series were used in part due to availability of subjects to participate within the 

experiment, but also to ascertain the impact experience had with the system. The first set 

of results, presented in Section 6.3.1, represent a group of 5 users, all of whom were 

famjJjar with the environment and user interface. Hence they had some understanding of 

the nature of the system, though were given no more infonnation during the experiment 

than the subjects in Section 6.3.2 This larger group of 10 simultaneous users all had no 

prior experience of the environment before the experiment, and were given no infoanation 

before the experiments (beyond that shown in Appendix I). 
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6.3.1 First Experiment Series 

The first group of 5 subjects was comprised of subjects familiar with the research and 

relatively experienced in the user interface of the virtual environment. All 5 purported to 

have participated within virtual environments before either as a result of research or 

gaming / collaboration in the survey provided (Included in Appendix). The results are 

shown in Figure 48. 
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Figure 48: Results of the Interactive Experiment for 5 Subjects. 

In this case, all subjects were familiar to a limited degree with the environment and nature 

of the research. However, no information was given regarding which interest management 

paradigm was used in which experiment. All subjects were able to distinguish between the 

''No IM" configuration (set at a global update rate of lOOOms) and the "maximum" 
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configuration, at a 30ms update rate. However, whilst all were able to correctly identify the 

higher update rate, the accuracy with which they were able to do so varied substantially 

between subjects - the standard deviation of results for the grouping experiments was 

32Orns. Interestingly, this was reduced to 250ms for the second series of tag experiments, 

suggesting the ability of users to accurately measure the update interval was increasing with 

experience within the environment. 

Of additional note is a unifonn trend in the perceived latency being lower during the tag 

experiment. The effect is particularly dramatic during the current state of the art 

approximation, which suggests that the proximity-based filtering approach lends itself to 

the task, and conversely suffers during the grouping activity when large groups of users 

occupy a small virtual space. Far less discrepancy is observed for the proposed method, 

which due to its perceptual emphasis, should be expected to offer better all-round 

perfonnance. Given the large standard deviations in results, it is difficult to infer a decisive 

preference amongst users, especially given the small sample set, although the proposed 

method did receive marginally better preference from users at an identical bandwidth to 

the current state of the art. 

Far more evident was the relative inability for users to distinguish any degradation in 

perfonnance as bandwidth was reduced under the proposed method to 80 and 40 percent 

of the original value. Subjects approximated similar values in both sets of experiments, 

indicating some degree of success by the method in obscuring the effects of decreasing 

bandwidth. In the lowest bandwidth case, the global update rate had increased to in excess 

of 2 seconds, yet users continued to estimate values around 300ms as the likely objects of 

their attention were successfully identified. The comparatively high prediction in the "no 

1M" case suggests that users were capable of identifying higher update rates where evident, 

lending credence to this conclusion. 
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6.3.2 Second Experiment Series 

In order to obtain a larger sample, the experiment was repeated with a further 10 subjects, 

none of whom had any familiarity with the research or virtual environment used (although 

all but one subject expressed some degree of familiarity with virtual environments in an 

entertainment context). In this case, it was necessary to present the subjects with a brief 

presentation and allow them five minutes to familiarise themselves with the interface used 

to navigate the virtual world. Before beginning the session, all users were asked to verbally 

confirm they understood the task they needed to accomplish, but no information was 

given regarding the nature of the interest management within the system. Again, two series 

of six experiments were performed (grouping with six interest management approaches, 

and tag with six interest management approaches). The results are shown in the next 

section. 

900 

800 

700 
Cti' 
'1:J 

600 c 
0 
u 

~ 500 
e -c 400 
0 -CD 
E 300 il 
UJ 

200 

100 

0 

Comparison of Estimated latencies for 10 Subjects 

tv1ax No 1M Proposed Current state Proposed 
80% of the art 1 00% 

Interest Management Method 

Grouping • Tag 0 Overall I 

Figure 49: Results of the Interactive Experiment for 10 Subjects 
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All subjects were unfamiliar with the environment prior to the experiment series, relying on 

the illustration of the effects of latency described in the previous chapter as a basis for 

estimation. Again, the current state of the art approximation demonstrated a more 

significant variance between the two experiments, performing well in the tag game, but less 

effectivdy during the grouping activity. Subjects again demonstrated a clear ability to 

distinguish between the two extreme cases; although the trend of lower latency predictions 

this time shifted to favour the grouping activity in most cases. Once again a marked 

reduction in bandwidth using the proposed method to 40 percent of the original value 

went rdativdy undetected, with users in fact reporting IoMr latencies than for the 100 

percent bandwidth scenario. Furthermore, the results for the proposed method at 80 

percent of the original bandwidth suggested a higher latency than the proposed method at 

40 percent - a scenario that should be impossible given ideal conditions for the 

experiment. 

However, the results are within experimental error of one another. The standard deviation 

of the results, despite the larger sample size, remained around 270 milliseconds. This was 

influenced heavily by the results of a minority of subjects reporting values non-conforming 

to the remainder of the set; typically significantly higher. Such an error infers a low 

confidence value in the proposed method directly outperforming the current state of the 

art approximation given equal bandwidth, in both sets of experiments. Ideally a larger 

sample set could offer greater degree of confidence in the results, unfortunately given the 

length of the experiment session and practical concems further iterations of the 

experiment proved unfeasible. Despite this, the results when latency was reduced under the 

proposed method are compelling, and suggest a good degree of success in masking the 

effects of decreased bandwidth consumption &om the user. 

A majority of testers noted that they found providing an accurate estimation of latency 

difficult to accomplish despite the illustration provided. Typically, this was evidenced in a 

rductance to record results below 200ms (leading to the higher than actual result for the 

maximum update rate configuration), and a corresponding tendency to estimate very high 

latencies as being lower than the actual value. Thus it is important to stress the use of these 

values as an indication of preference, rather than an absolute measure of latency. Subjects 
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unifonnly reported that their estimations were based on relative companson between 

iterations of the experiment, and thus a lower estimation, which implies 'smoother' motion 

experienced, may be taken as inferring a preference towards a given configuration. To 

further elaborate this concept, the results for both experiment series are combined, and 

user preference determined by comparing estimations for both the proposed method and 

current state of the art, taking the lower value to imply a preference. This is shown in 

Figure 50. A consistent trend in favour of the proposed method can be observed. 
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Finally, it is worth noting that, at equal bandwidth, the users more experienced with the 

system appeared to rate the proposed method more highly than the inexperienced users. It 

was suggested that more familiarity with the user interface encouraged users to reorient the 

viewpoint more frequently and instinctively. Subsequently, this results in increased 

performance for the proposed approach since the user integrates their visual search task 

into the system, rather than moving their focus of attention around the monitor screen 

whilst keeping their viewpoint static. This may indicate potential further gains for the 

proposed approach in more sophisticated environments, wherein the user interface allows 
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for more natural interaction. In general, the relationship between user interface and visual 

attention is worthy of considerable further research. 
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6.4 Summary 

In this chapter, the implementation described in Chapter 5 has been analysed through a 

series of perceptually oriented experiments, reinfoJ:Ced by measures of bandwidth 

consumption. The goal has chiefly been to establish whether users were capable of 

detecting change within the implementation, and thus study whether change detection 

occurred between the proposed method and current state of the art, and in situations 

where available bandwidth decreases. The results have shown that users are capable of 

identifying a significant global change in the update rate, and are particularly able to note 

negative effects where no interest management is applied and bandwidth dec:reascs. It has 

also been shown that users continue to rate the proposed method similarly as bandwidth is 

decreased substantially, due to the focus of resomces upon the most salient objects. Whilst 

such results are inconclusive, due to factors including the subjective nature of human 

perception, and limited availability of participants, the majority of testers exhibited a 

preference for the proposed method over the current state of the art approximation. The 

final chapter now goes on to consider the implications of these results, and suggest means 

by which the proposed approach may be improved, alongside consideration of potential 

limitations. 
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7 Conclusions and Future Work 

Having provided in the previous chapter documentation of a series of experiments 

intended to evaluate the spotlight-based approach to interest management, this thesis now 

concludes by considering the successes and failures of the proposed method in light of 

both this experimental evidence and with respect to the field in general. In Section 7.1, the 

contributions of this thesis to both interest management, and more generally the 

application of visual attention within virtual environments, arc discussed. This includes 

consideration of the integration of the proposed method with existing techniques, and the 

benefits it provides. Section 7.2 considers the limitations of the method, in order to define 

the context and scope within which the proposed method may be cxpectcd to offer 

improved performance over existing techniques. Following on from this discussion, 

Section 7.3 considers potential avenues for future work, both with regard to the 

configuration of the spotlight approach and more generally with respect to interest 

management. Finally, Section 7.4 presents a final summary and the conclusions of the 

research. 
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7.1 Specific Contributions 

This thesis has, throughout, emphasised the link between visual attention and interest 

management. Following a comparison of models of visual attention to existing interest 

management approaches, an initial hypothesis suggesting that a spotlight-based refinement 

of aura-based interest management would offer improvements over the current state of the 

art has been reinforced by experimental evidence. In particular, the potential gains of a 

spotlight approach in tenns of compatibility, composability and processor efficiency have 

been discussed in Sections 3.4 and 3.5. The evidence obtained by experiment (as presented 

in the previous chapter) strongly suggests that users perceive an improved update rate 

within a system that allocates resources based on a spotlight model, compared to the 

current state of the art. This conforms to the logical argument presented in Chapter 3, 

which suggests that perceptual relevance is poorly approximated by current methods. All 

testers exhibited the ability to identify a difference between uniform update rates of 30ms 

and 1200ms. This suggests a common ability to estimate and detect latency. The accuracy 

of estimations varied substantially between participants; but lends credence to their ability 

to distinguish performance between different implementations. In light of this capability, 

failure to note a significant difference as bandwidth was reduced under the proposed 

method to 40% of the original value shows a promising potential to eliminate less salient 

clients from the network resource overheads, and support a substantially lower (and thus 

less expensive) global update rate. 

The spotlight approach only requires information regarding the position of clients within 

the locale, which is advantageous when compared to the existing visual attention based 

approach of Beeharee described in Section 3.3.3. Zyda [ZSOO] stresses the need for objects 

within virtual environments to be described in a compatible and ubiquitous fonn 

('compos ability', as described in Section 3.4.2). In placing requirements on object definition 

to perform interest management, limitations are placed on the composability of objects 

within the environment, and the ability to import new content. The spotlight-based 

approach considers only relative position to the client as an extrinsic factor, and thus 

integrates well with the notion of composability. In disregarding many bottom-up 

characteristics whilst still offering positive results, the spotlight approach proves capable of 
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providing effective filtering in the absence of such infonnation. Furthermore, the approach 

described in Chapters 4 and 5 illustrates how a spotlight-based filter may be applied with a 

minimum of iteration and scene analysis, and thus infers little impact on overall system 

performance. 

When considering integration with existing methods, the composability and minimal 

overheads associated with the method present further advantages. The method may be 

seen as operating under a locale or grid-based paradigm similar to that defined by Watsen 

and Zyda [WZ98]. In this case a replication of the process would be used within each 

locale - the experiments described in Section 6.1 can be seen to be an example of the 

method operating within a single locale. As such, it may be seen as a refinement of the 

aura-based technique that seeks to specifically affect the relationship between distance and 

salience implied by all aura-based approaches. Whereas existing implementations of aura

based interest management as those described in Section 3.3.2.2 fail to directly 

acknowledge the relationship to visual attention, this thesis has demonstrated a spotlight 

model of attention to offer benefits over a linear relationship between distance and 

salience. It also complements the work of Beeharee, who seeks to analyse characteristics 

other than relative position, and may be integrated alongside a multimodal modelling 

approach. 

In implementing the proposed method, this thesis has demonstrated the successful 

creation of an architecture wherein saliency values may be explicitly mapped to levels of 

resolution within the network via multicasting. The architecture is only limited in capacity 

by available multicast addresses; comparing favourably to the client-server architecture 

common to existing commercial environments as described by Bauer et a1. [BRS02], which 

has numerous demonstrable limitations, as discussed in Chapter 3. Notably, though, it 

achieves such capacity by the use of peer-to-peer design, which suffers limited uptake by 

commercial environments due to the deaease of security in moving from a client-server 

based approach, as noted by Hu and Liao [HL04]. Ultimately, however, the benefits of 

peer-to-peer approaches in scalability, coupled with advances in peer-to-peer security and 

trUSt, would suggest a long-term shift towards such architectures. 
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Hence, in summary, this thesis has contributed compelling evidence that a spotlight model 

of visual attention provides substantial scope for refining interest management. The 

advantages of a spotlight model have been exploited to describe a composable, 

computationally inexpensive refinement to existing radial aun-based approaches. By means 

of a successful implementation, the ability to correlate multicast groups to saliency values 

has also been demonstrated, alongside for the potential for integration into other 

perceptual techniques. 

189 



7.2 Limitations of the Spotlight Approach 

Due to the relationship between the approach and visual attention, some limitations are 

implied with regards to application. Section 2.4.2 presents an example of a limitation of the 

spotlight model in the case of a user instructed to focus deliberately on a single area within 

a target. In this case, overriding top-down behaviour is shown to control the form and 

deployment of the spotlight. This is an issue common to all approaches that seck to exploit 

perception, including the rendering approaches described in Section 3.2. Whilst the 

methods are effective in the case of a user passively observing, or performing real-world 

tasks within the environment (such as the grouping and tag examples in Chapter 6, where 

the method is shown to be effective), supplying them with a task deliberately intended to 

focus their attention on entities deemed less relevant by the interest manager may cause the 

approximation of visual attention to break. down. Thus, with regards to application, the 

approach may be seen as limited to virtual environments that repn:sent the real world, 

wherein users arc expected to exhibit real-world behaviour. 

The system also places constraints on user interface devices. Having been developed for 

keyboard and mouse interaction, with the mouse used to realign the direction of view. a 

relationship exists between the ability of the interest management to detect covert attention 

shifts, whilst overt shifts are carried out by the user, who reorients their viewpoint via the 

mouse. A spotlight model would be expected to perform less successfully in situations 

where view shifts are impossible (e.g. observers watching a demonstration), since in the 

absence of the ability to deploy overt attention through interacting with the environment, 

observers would be expected to shift their focus between entities rather than reorient the 

viewpoint. Conversely, however, more sophisticated interaction tools such as head

mounted displays may offer improved performance, and represent an avenue for future 

work. 

One demonstrated weakness regarding the performance of the spotlight method is an 

increased demand on the network placed by more frequent multicast subscription calls (sec 

Section 6.2.2). Such subscription calls increase with the number of clients within the locale, 
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since the target of interest is likely to change more frequently. Furthennore, when 

compared to the standard aura, the proposed method forces more rapid shifts in selected 

objects of interest, as a change in view between a distant and near client can invoke a 

substantial redeployment of resources. This is a problem common to other systems aiming 

to enhance interest management - though future improvements in multicasting. 

particularly with respect to group management via approaches such as that of Auerbach et 

al. [AGK03], should result in increased support for methods seeking to exploit luge 

numbers of multicast groups. This issue is particularly significant when comparing the 

methods to those used by early systems such as MASSIVE, which were restricted by 

hardware limitations on multicasting that are no longer a widespread issue. Hence this 

drawback whilst noteworthy is justifiable in the context of advancing network technology. 

A more ideal solution, however, may seek to modify the total of available groups based on 

capacity - with regards to the proposed method this may be done by dynamic modification 

of the totalleve1s of resolution provided by individual clients. Throughout the experiments 

this level was fixed at a total of five to provide a balance between performance and 

providing a realistic network load, resulting in a total of 5 multicast groups per client. 

Reducing this value with have a subsequent effect on the total subscriptions / minute 

generated by the simulation, at the cost of decreasing the available levels of resolution. 
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7.3 Future Work 

This research has focussed purely on the visual aspects of perception, however, in a vinual 

environment, aural cues also playa significant role in drawing a users attention. Whilst the 

proposed method may serve adequately in the case that all avatars constantly emit 

equivalent sounds (e.g. footsteps), more detailed analysis of the relationship between 

hearing, vision, and attention in the context of perceptual optimisation should prove 

worthwhile. Some allowance for the need of the interest manager to register non-visible 

but audible clients is allowed for under the proposed method by the additional, radial aura 

centred around the client, is additional to the perceptual 'focus'. However, this is a simple 

approximation, effectively identical to that used in other aura-based approaches. Further 

refining the form of this aura, and additional consideration in its relationship to aural 

sources may provide an avenue for accommodating sound more rigorously. The need for 

such accommodation particularly applies to more sophisticated environments, where 

sounds are pivotal in providing immersion and interactivity. 

The proposed method makes three main assumptions, which whilst backed by limited 

experimental evidence, should prove the three most important avenues for further 

enhancement. 

• In specific regard to the effectiveness of the focal selection process, it would stand 

to reason more detailed analysis of the impact of the a and b coefficients which 

drive the process (see Section 4.3) may yield improved results. It is likely top-down 

aspects of task would affect the tendency to focus on more distant objects, and 

thus integrating models of attention into dynamic values for these coefficients 

would appear an interesting avenue for further work. 

• The relative base relevance values of objects within the vinual world <Rm- and 

~,) are assumed constant for all clients rc:gard1ess of context. Whilst this is valid 

for the experiments in the previous section, since all entities are identical, it raises 

questions regarding the suitability of the method to more complex environments, 

where entities may possess widely varying characteristics, ranging &om the 

appearance of an avatar to their behaviour and context. In particular, the 
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integration of the approach proposed within this thesis, alongside other proven 

perceptual techniques such as that of Bccharcc [BWH03], may offer a solution for 

calculating Rcoa. and R"bj that builds upon the strengths of the approach within this 

thesis in dealing with large crowds, to add more bottom-up mcumes of relevance. 

• Finally, the multicast arrangement described in Section 5.6.2 is arbitrary, and whilst 

based on perceptual research such as that of Scars and Pylyshyn [SPOO], would 

require a significant amount of further work in analysing the pcn:cived effects of 

different configurations on USet8 to better optimise the proposed method. It may 

prove that a dynamic approach would offer improved results, although questions 

exist over the impact on perfonnance of re-configuring multicast groups at run

time. 

The spotlight model of attention applied by the proposed approach is a simplification of 

the complex process of visual attention. It may thus be argued that models that encompass 

feature-integration theory provide a more comprehensive and precise model for visual 

saliency. In particular, they encompass phenomena such as inacascd saliency for objects 

near the periphery of the field of view, with certain properties (as an example, moving 

objects in the periphery of the field of view arc shown to have high saliency; whereas 

sensitivity to colour is reduced, as mentioned in Chapter 2). Such models, whilst offering 

the potential for more precise saliency value calculation, imply additional overheads in 

processing to accommodate such characteristics. Furthermore, they require tighter 

integration to a specific virtual environment, since avatar clwactcristics must be analysed 

to determine saliency. By comparison, the proposed approach filters based on relative 

position alone, and thus removes itself from application-related complications. Despite 

these drawbacks of more sophisticated models, the application of such approaches can be 

expected to offer improved bandwidth reduction, and is thus an obvious avenue for 

further research. 

One additional issue may present itself when faced with environment involving more 

complex geometry. Whilst within the series of experiments described in Chapter 6, the 

objects exist on the same vertical plane, the addition of structures and other scenery would 
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allow for a greater vertical offset. In this case, phenomena as described in Section 2.2 

wherein users tend to focus on their current plane and give less regard to objects above 

and below may present an issue. 'The implementation described in Chapter 4 is based 

around a radial concept, where objects are given equal bias on both vertical and horizontal 

axis. Reducing the vertical component (m effect, 'flattening' the aura), may lesd to 

enhanced performance in these situations by better accommodating this phenomenon. 

An ultimate goal for future work would be the integration of the state of the art in visual

attention research, into a flexible, high-performance peer-to-peer framework applicable to 

any large-scale VB. 'The rapid evolution of this state of the art implies a degree of 

separation between attentional model and network framework, which this thesis has 

demonstrated as viable within the implementation discussed in Chapter S. Effectively, any 

visual-attention model may produce saliency values, which may then be transcribed to 

multicast groups, or, more generally, network resource allocation. 
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7.4 Summary and Conclusions 

This thesis has presented a novel enhancement to interest management, which utilises a 

spotlight model of visual attention. In Chapters 2 and 3, a background was provided which 

outlined the limited use of theories of visual attention by existing interest management 

paradigms, despite a close conceptual link. Subsequently, a spotlight-based metaphor was 

identified in Section 3.5 as possessing sevetal potential benefits, whilst being largely 

compatible with existing approaches. The spotlight model described in Chapter 4 considers 

the interaction between user and environment to reorient their viewpoint to be an 

approximation of overt attention, and thus seeks to emulate covert attention by means of a 

spotlight, focussed on a single most likely target, whilst generating saliency values for 

remaining objects based on their relative position to both user and covert object of focus. 

In Chapter 5, the implementation of the method was described via the cmltion of a 

distributed virtual environment intended to fully accommodate the facility to implcmcnt 

and evaluate interest management approaches. By populating this environment with a 

group of simulated clients, it was shown possible to dcmonsttate the effects of 

overcrowding without the need to accommodate large numbers of teal-world users. 

Subsequently, the spotlight approach was evaluated against the existing, linear relationship 

between distance and saliency implied by aura-based approaches, and shown to be 

preferred by 80% of users attempting to perform tasks in an overcrowding scenario. 

Further experiments examined the ability to dCcmlSC bandwidth without peICCivcd effect, 

with users continuing to report performance equivalent to the existing aura-baaed 

approach with bandwidth reduced by up to 60%. 

The limitations of this study reflect the implicit difficulties of any quantitative research 

within the field of human attention. Certainly the wealth of resean:h presented in Chapter 2 

offers no definitive approach to accurately measuring attention and relevance, and thus the 

experimental results given in Chapter 7 are presented purely as evidence towards the 

effectiveness of the proposed technique, rather than as conclusive proof. Certainly the high 

percentage of users expressing blind preference for the proposed approach is compelling; 
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as is the notable difficulty they had perceiving change as bandwidth was reduced 

substantially. However, as is frequendy the case regarding research into visual attention, a 

larger sample of users, though impractical, may still offer further insight. In particular, 

whilst users were assessed with regards to their vision and basic experience within virtual 

environments, a larger sample may offer the ability to explore additional characteristics that 

may impact the effectiveness of the method, such as gender and age (both of which have 

been shown to have some impact on attention [lLC03]). 

Returning to the applications described in Chapter 1, perceptual refinements to the interest 

management process such as those presented in this thesis offer the ability to deploy 

available bandwidth with improved efficiency. Subsequendy, this allows for additional 

bandwidth to be utilised in order to provide more depth of interaction, or support for 

greater numbers of users. In the case of the user socialising within an environment such as 

Second Life [Lin06], this promises the capability to view vast crowds of other usen and 

participate in large online gatherings. For the user within the military simulation, it 

promises fluid motion and realistic behaviour of both allies of enemies in luge-scale 

encounters. For the online gamer, it promises greater interactivity and games that support 

thousands of users without restriction. Throughout this thesis, parallels between human 

attention and interest management have been drawn; ultimately, both serve the same 

purpose - to eliminate perceptually irrelevant data. Hence, the convergence of theories 

regarding visual attention with interest management promises to offer a comprehensive 

solution to the problem of providing users of distributed virtual environments with truly 

immersive experiences. Such interest management may be seen as an essential component 

within future distributed virtual environment technology. This technology, over upcoming 

decades, promises worlds with imperceptible boundaries and limidess applications. 
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Internet-based Virtual Environments 

Oyerview 

The environment you will be working in will be shared with the other people within Java 
lab, and, to better simulate a large-scale environment, 100 more clients with simulated 
behaviour will be added. This will give some simulation of overcrowding. However. these 
clients are not considered participants in the tasks. 

The session should proceed as follows: 

14:00 - 14:10 Introduction 

Before starting. it's important you familiarise yourself with the controls and layout of the 
environment. Refer to the remainder of this handout and feel free to experiment with the 
controls. A short presentation will aim to explain what you'll be attempting to evaluate 
during the experiments. 

14:10 -14:30 Grouping Task 

In the first session of experiments. you'll be asked to search out other participants within 
the environment, and form a single, large group. The task will be repeated six times. with a 
4 minute time limit each time. After each experiment, you'll be asked to make an evaluation 
of the motion of other users within the environment. 

14:35 -14:55 Tag Experiment 

In the second session, you'll be playing a game of tag with the other participants. Again. six 
games will be played within a 4-minute time limit, and you'll be asked to evaluate the 
motion of the other users. 

215 



1. Getting Started 

Hopefully, your PC will already have the VE running. In this case, you can proceed to 
section 2 If not, you can launch a new client at a command prompt from within the virtual 
environment's directory (If you can't find it, ask) with: 

java Launcher 

This will subsequendy prompt you for a usemame and an ID number (please carefully 
enter the one which should be written at the top of the attached sheet) and then select to 
run in full screen mode. If you have any problems getting things running, please let 
someone know. 

2. The User Interface 

The interface is a very common one to virtual environments, and you may already be 
familiar with it. By moving the mouse left and right you can tum your point of view from 
side to side (If this doesn't work, try left clicking once to give the window focus) or you can 
alternatively use the left and right arrow keys. To move forwards or backwards use the up 
and down arrow keys respectively. The other keyboard commands are summarised on
screen with an online help overlay, which can be toggled on and off with Fl (shown in 
Figure 1). If you have trouble reading the overlays, you can adjust their colour to increase 
the contrast by pressing F9. Other users can be identified by the name above their 
heads; in the case of simulated clients this starts with IsimC1ien~ 

Information Pane 
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3. Evaluating Client Motion 

During the session, you'll be participating in two series of tasks. After each experiment, 
you'll be asked to make an estimation of what you feel was the average delay between 
updates of the positions of the other users within the environment. 

nus means trying to take into account how smoothly other users seemed to be moving. 
Refer to the huge screen display for an ongoing illustration of the effects of various delays, 
and how movement seems as delay increases. Whilst a delay of 2 seconds or more results 
in noticeable behaviour, with users vanishing and reappearing as they move, lower values 
result in gradually smoother motion. VISual perception is highly sensitive to movement, 
and you should find that you are able identify differences between movement with even 
very low time intervals. 

Following each experiment, you'll be asked to try to estimate the average delay between 
client movements. Whilst your priority should be to complete the tasks given within the 
time limit (Le. grouping or tag), please try to ensure you complete the questionnaire 
following each task. 

Important Notes: 

Whilst you should try to guess the delay as accurately as possible, it is, naturally, extremely 
hard to guess the correct value to within fractions of a second. HOJIIttJIr, pllare altlmpt to 

aIIJ7IItf' for III&b experiment, """ if.JON foe' .JOIIT' IZII.f1IIIr lilt:!} be mbstanti4I!J illlJall1'tlle. 

Refer to the display on the huge screen as a reference. Whilst it may seem impossible to 
identify differences within fractions of a second, you may find when observing this display 
that the difference is surprisingly more noticeable than 1/1 Om of a second would seem. 

You are also encowagcd to consider previous experiments, and relate your answers to 
those you gave earlier - ie. do you feel clients were moving more or less smoothly? 

When writing your estimations, please answer in milliseconds (1 second = 1000 
milliseconds). 

DIIIi"g III&b experiIIImI,.JON slxlllJd joaIs 011 &OIIIjJ/di"g the IIlsIe at banJ (i.e. formi"g fl 8"JIIP or pltging 
tag). Pllare iI4III &OIIIjJ1ditIg the ~nam atil the mJ of the expnWmt. 
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3. &periment 1 - Groypioa 

The first experiment challenges you to group up with the other real-world users as quickly 
as possible, trying to co-ordinate yourselves to form up in a single area. To do this, you'll 
need to identify other users by name and move in a group to find other clients. To keep 
the experiment fair, no verbal communication about your whereabouts is permitted. The 
experiment will start once all users are ready and familiar with the user interface, and your 
position will be randomly reset automatically as it begins. You then have 4 minutes to form 
a group with other users. This will be repeated six times. 

FoUowing e.dJ experiment Ider to the demonstrlldon on the overbetld disphy IUld 
IIttempt to IIJ'proximslte wllIIt you beJi~ was the IIpgue lIItency in the 
environment during the test. Your IUl8wer should be Blled in on the included 
quesdolUJllire form. 

4. Experiment 2 - Playioa Iii&' 

The next experiment encourages you to avoid, rather than group with other users. When it 
begins, players will be randomly positioned again, and then one player will be randomly 
selected as being 'tagged'. They can then move 20% faster, and have to chase down other 
real world clients within the environment. The simulated clients remain present but outside 
of the game, so they can't be tagged. 

You can identify players who have been tagged by the colour of their avatar (it changes 
from blue to white). Once tagged, you can also move faster and have to chase down other 
clients. You tag other players simply by moving near to them. The winner is the last player 
left untagged. 

Once qain, foOowing e.dJ experiment Ider to the demonstrlldon on lIItency on 
the overbelld disphy IUld IIttempt to IIPPmximllte wbllt you believe was the IIpgue 
lIItency in the environment during the test. 

5. Oueationoaim 

Before leaving, please ensure all information on the questionnaire is completed, including 
the brief section at the end regarding how easy you found the experiment. If you have any 
questions, please feel free to ask. 
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APPENDIX II 

QUEfl10NNAIRE COMPLETED BY SUBJECTS DURING EXPERIMENT 
SERIES 
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Questionnaire 

1. Grouping Exercise 

Referring to the display on the large screen at the front of the room, what do you 
feel was the approximate average update delay of clients within the simulation? 
Please give your answers in milliseconds. 

Experiment 1: 

Experiment 2: 

Experiment 3: 

Experiment 4: 

Experiment 5: 

Experiment 6: 
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2. Tag Game 

Referring to the display on the large screen at the &ont of the room, what do you 
feel was the approximate average update delay of clients within the simulation? 
Please give your answers in milliseconds. 

Experiment 1: 

Experiment 2: 

Experiment 3: 

Experiment 4: 

Experiment 5: 

Experiment 6: 
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3. General Questions and Comments 

a. Do you think there was a noticeable difference in the update 
delay between the various experiments? 

[ ) Yes, significant difference between all experiments 
[) Difference between some experiments 
[) No difference between experiments 
[) Unsure 

[) Yes 
[) No 

b. Have you ever used a virtual environment or played a virtual
environment based game with similar controls before? 

c. Do you feel any of the following may have impacted your 
behaviour or ability to participate during the tests (check all that 
apply): 

[) Low framerate 
[) Unfamiliarity with the controls / trouble moving 
[) Crashes / bugs 
[) Colour blindness 
[) Other 

If other please specify: 

d. Finally, do you have any suggestions for improvements to any 
aspect of the environment or the experiments? Continue 
overleaf if necessary. 
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APPENDIX III 

NOlES ON PSUEDOCODE FORMATTING 
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Psuedocode Structure 

Where possible, pseudocode is adapted directly from the source code within the system, 

and adjusted for clarity with regards to the concepts encapsulated within the code. An 

object-oriented structure is used, wherein methods are defined as: 

method <methodname>(Parameters) 

< method content > 

With brackets used to encapsulate method content. Calls to methods are expressed as: 

<methodname> (Parameters) 

Where parameters are any number of values matching the format of the method 

declaration. 

Methods !my not be explicitly defined prior to being called - where this is the case the 

method name or included description should clearly detail the function of the method. 

Variables 

Where possible, the data type is defined clearly and the variable declared prior to usc, using 

the format 

define <variable name> as an <variable type> 

In the case of arrays, the dimensions and elements are defined and referenced by the use of 

square brackets, e.g. 

define myArray as an array[] [] 

Implies future references to the two-dimensional myArray should suggest an element, e.g. 

myArray[30][2]. Note that variable definitions are only used where necessary for clarity - in 

cases where simple variables are used to store interim results the declaration may be 

omitted. 
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Logic 

Logic statements again mirror source code, with if ... else statements retaining a basic 

format of: 

If <condition> then 

<statements to execute if condition is true> 

else 

<statements to execute if condition is false> 

Conditions are formatted using standard logical operators, with == being used as "is equal 

to", 1= as "is not equal to", ">" as greater than, and so forth. In the case of algebra 

standard mathematical notations are adopted, with "I" signifying "divided by", and "*,, 
signifying "multiplied by". 

Iteration 

To aid clarity, only two condition-based loops common to prognunming are used within 

the psuedocode: FOR ... NEXT, and DO ... WHILE 

They adopt a syntax common to most prognunming languages, in the more common case 

of the FOR loop this follows the format 

for ( <initial condition>, <break condition>, <increment> ) 

{ 

< code to be iterated > 

} 

To induce an immediate exit &om a loop, the keyword ''break'' is used. 
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APPENDIX IV 

PERCEPTUAlLY-ORIENTED INIEREST MANAGEMENT IN LARGE
SCALE NEIWORKED VIR1UAL ENVIRONMENTS 

AS PUBUSHED IN EG UK lliEORY AND PRACflCE OF COMPU1ER 
GRAPHICS, 2005. 
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Perceptually· Oriented Interest Management In Large-Scale 
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AbItnd 
Amongst the most signiJictllll chDUmgu in developing larp-sctlh 1IUIlti-IU~r vi1'tIItJl mvi1T1MlDltS is the efficient 
jiJuring of tlaIa to each lU~r - a procus commonly described as "lnurut ~". This worlc-in-progress 
paper presents a bmod sll1llllllUY of aisting approachu. placing an emphasis upon tM relationship ~tw~en 
inUrest lJIIDIIl8emmt tIIUl 1uurttm ~rr:eption. SlIbuqllelllly. an intmtIuction to the challenges in evaluating tM 
succus 0/ inUrest ntD1ItJ8emmI. given such a relationship to ~rr:~plion. is presented. TM initial dev~1opmeu of a 
tm mvirotllJlent aiIMd at ~rr:oming some of the challenges in providing a platformjor such ~ is then 
described. tognMr with disclUsion of a ~eptrMJlly-orient~ approach to int~rest lfI41IQgement which reliu 011 

tM description of ~~ption as a dynamic ~Id, jo'f7Md by analysis oftM lU~r's foelU. 

1. IDtrodacdoa 

}d virtual cnviroDments become JDCXe sophisticated in terms 
of both content and interactivity. the potential far a sin
gle. extensible virtual environment (VE) capable of support
ing massive numbers of UIa'I baa frequendy captured both 
the attention of resean:hcrs and the imagination of the gen
eral public alike. The implementation and advancement of 
such massively-multi-user networked virtual environments 
(MMVEs) presents many cballenses in a wide range of re
search areas. 

Amongst these challenges. one of the most significant and 
complex is the filtering of netwark traffic to ensure an 0p

timal use of available bandwidth. This filtering, or "inter
est management" (1M), involves ensuring only content rel
evant to each user is tranIIDitted via the network. Current 
approaches aiming to provide 1M are wide-ranging, and typ
ically integrated into existing simulations. Such integration 
often comes at the COlt of a certain degree of re-usability and 
makes evaluation of the generic potential of an approach dif
ficult Following a limited SUIIU1W)' of existing approaches 
and their history, the cballenges in such evaluation are dis
cussed in Section 3. This discuuion is followed by an outline 
of a test system intended to provide the grounds for such an 
evaluation, and, given such facilities, the concept of provid
ing a perceptually driven approach c:entaed around a user's 
focus is presented. 

Some of the earliest taxonomies of 1M approacbes [M<ri6) 
identified the concept of intrinsic filtering - filtering based 
upon that attributes of entities within an environment Fur
ther classification of these techniques leads to a subse
quent distinction emerging between grid and aura-based 
approaches. Grid techniques, pioneered largely by SIM
NET [MT9S), revolve around partitioning virtual environ
ments into regions of interest (commonly referred to as lo
cales [BWA96]), with clients being considered relevant to all 
other clients within the same locale. By comparison, aura
based approaches such as those used in early systems such 
as MASSIVE [Gre98], define a region centered upon each 
client If the interest regi.ons of two clients intcncct then they 
are considered to be mutually visible. 

These two techniques have been refined and combined 
CMI' recent years, in response to the rapidly emerging need 
far efficient 1M within lqe-scale virtual environments. 
Comme:I'Cial endeavan (primarily within the gaming indus
try) have brought large-scale multi-user virtual environments 
to the general public, creating online economies with sub
stantial turnovers, recendy described as being in excess of 
the economies of a significant number of real-world coun
tries [CasOl]. }d hardware continues to advance, significant 
potential for further applications remains. Henc:e the com-



metcial need for efficient 1M is becoming increasingly ap
parent. 

One of the most obvious, and successful, 1M techniques is 
the combination of multiple layers of interest management 
within a single system. Zyda et al. [AWZ98] demonstrate 
a three-tiered approach within the Bamboo toolkit for dis
tributed environments. iUUSb'8ling the effectiveness of com
bined 1M paradigms. The combination of grid and aura
based approaches is commonly used - at their most funda
mental level, grid and aura-based techniques both provide 
a simplistic and efficient means for filtering data within a 
large-scale VB. More recent refinements have sought to add 
additional aspects to the filtering process. such as consid
ering visibility more closely [HPG02]. Wbcrcas more ba
sic aura and grid based systems filter spatially, irrespective 
of surrounding geometry. further culling based on visibil
ity presents a clear example of the potential for refinements 
based on a better understanding of a us«s perceptual needs. 
The system is successful. noting a significant performance 
gain with no perceived loss in quality. Hence the potential for 
such visibility-oriented interest management in a large-scale 
virtual environment centered around a replicated-database 
model is cle.. HoweYa'. the potential for perceptual consid
eration is broader than visibility-based culling would sug
gest, since an interest manager for a truly extensible envi
ronment must take into account other aspects. such as exten
sibility. sound. and interactivity. 

Thus whilst visibility alone is unquestionably a valuable 
criterion by which to perform filtering. the notion of per
ceptual relevance otJers far more significant scope for re
finement Much as Reddy [RedOl] applies perceptual tech
niques to rendering, with a significant performance gain, so 
may perception be considered in 1M. Bcbaree et al. success
fully demonsIrate the potential for the use of pen:eptually 
oriented 1M in a variety of simulations, ultimately conclud
ing with a simulation of an 800-client virtual city [BWH). 
The perceptual culling is hued around the notion of change 
blindness; in effect aiming to filter out items of data in which 
the user is unlikely to identify a change. Change blindness 
itself is a significant field of research. and a large volume 
of work offers a variety of further possibilities for enhance

ment [Tse04]. 

Beharee et al. focus heavily on <#aining results with no 
noticeable decrease in quality of simulation. In a massive
scale virtual environment, situations in which available 
bandwidth is insufficient to otJer such a result can prove 
COII111lODPlace. and bence analysis of which perceptual quali
ties offer the greatest scope for 'graceful degradation' is also 
of considerable importance. With reprds to extensibility. 
as environmeDts become more sophisticated - particularly 
in termS of object interactivity - the replicated data model 
common to the majority of existing systems (whereby simu
lation content is installed or downloaded to each client prior 
to run-time), ~ expansive and highly interactive en-

vironments. Subsequently an inaeasing level of importaDce 
can be placed upon creating 1M capable of filtering textures. 
geometry and other world content to each user. Furthermore. 
the nature of input devices to virtual environments allows for 
a unique opportunity to analyse the behaviour of each client, 
and tailor the filtering process in response. Such behavioural 
analysis can range from following user behaviour and mouse 
input to more sophisticated data capture techniques such as 
eye-tracking [Jac9S]. Since this effectively permits a us«s 
behaviour to be analysed at run-time. it becomes possible to 
consider filtering approaches which are capable of tailoring 
themselves more closely to behavioural input 

Whilst each of these aspects presents individual poten
tial for refinement of 1M. a recurring theme when eumin
ina existing approaches is a significant difficulty in compari
son and evaluation, due to both the qualitative nature of per
ceptually oriented results and the application dependence of 
many 1M approaches. The subsequent section aims to define 
this challenge in more detail. and goes on to describe a test 
system developed to address it 

3. EftluatlDa Interest Mauaemeat 
3.1. GeaerIe 1M 

Singhal (a pioneer of the aforementioned Bamboo toolkit) 
stated confidently as early as 1998 that "Eventually there 
will be a persistent VB shared simultaneously by billions of 
participants" [ZSOO]. This vision remains a lOllI-term goal 
of MMVB developers, due in large part to the commercial 
potential for having such an immense audience c:o-existing 
within a single environment. Providing such a system im
plies two main factors need to be addressed; findy the tech
nical barriers in place must be OWI'COIDC (such as bandwidth 
and rendering limitations), and secondly, on a more c0ncep

tual level, the environment must be sufficiendy ubiquitous 
and extensible to fulfill the needs of all users. Given such 
needs may range from simple social interaction, through 
simulation and collaborative warIdng. such fulfillment is no 
simple task. 

Clearly, the role of interest management will be piv
otal in providing such an environment; without the means 
to efficiently and rapidly control communication between 
clients such an application would prove impossible. Pri
n..-ily, extensibility in such an environment implies a de
gree of dynamism within an interest management routine. 
due to the differing needs of users and expanding environ
mellt. However, the wealth of existing environments with 
broad ranging applications and near-identical interest man
apment approaches strongly suggests that despite a need to 
interest management to suit a specific environment, generic 
principles do exist. The approach to interest management 
within the e-Agora system [Mr02] shows one such approach 
to generic interest management, in this case attempting to 
utilise 'general variables' to store different types of data. 



Whilst there are many different aspects that may be consid
ered in establishing a generic 'theme' of virtual environment, 
some of the most fundamental include: 

I) The concept of each client as a virtual embodiment of 
a buman. This brings with it a variety of notions, such as the 
centering of the region of interest around the client, and a 
relationship between the scene rendered to the client and the 
information required. 

2) The finite amount of bandwidth lMliiable, implying a 
need for graceful degradation and, more fundamentally, scal
ability, in areas of high traffic (such as a crowded virtual 
room). 

3) The implicit relationship between the software and 
hardware underlying the simulation and the simulation itself. 
Multiple levels of interest, for example, offer diminishing re
turnS with increasing numbers of levels due to the fact they 
require formation of IKklitional multicast groups [PB9S]. 

4) A basis for the simulation in the real world. Whilst vir
tual environments exist which do not aim to provide such 
simulation, for the purposes of this conlCXt we choose to fo
cus on thole aiming to provide a 'realistic' simulation on a 
human avatar within a virtual world. This has broad impli
cations regardina the relationship between the positions and 
properties of objects relative to the client and their percep
tual reiCYlllCC. 

We may build upon these concepts to create interest 
IDIlD8geIDeIlt paradigms that, whilst not truly application
independent, lend themselves to a significantly broad range 
of applications. In particular we cbooIe to focus on environ
ments where the client is considered to be a virtual human, 
and thus their relationship with the VE considered parallel 
to the relationship of a human within the real world. As an 
important side-note, whilst the employment of any in~t 
management tccbniquc bas obvious 0Ya'heads in terms of 
processing, as hardware advances and the depth of interac
tivity within virtual environments increases, bandwidth can 
be seen to be fast emerging as the true bottleneck for such 
environments. Hence despite a clear need for processor ef
ficiency in any interest management approach, its applica
tion may not necessarily imply any tangible negative effects 
upon the simulation. It may, however, prove beneficial to ac
cept some lou of simulation quality if a carresponding gain 
in bandwidth reduction is possible. Balancing - or providing 
some degree of scalability towards the two distinct criteria 
of bendwidth reduction and impact upon quality of simula
tion is beoce important to any 1M approach. Further defining 
these criteria is the focus of the next section. 

3.2. BadwIcItb no QuIlty ~ SImuIadoa 

Of crucial importance to the development of any interest 
management approach for such a general application is the 
provision of means to teat and evaluate differing approaches 

against one anothet. Due to the breadth of existing 1arge
scale VE applications, and the scope for future deYelopment, 
evaluating the success of differing approaches in a generic 
fashion proves a complex task. 

One clear criteria for evaluation is the decrease in 
bandwidth consumption achieved. However, this must be 
weighed against the impact upon the quality of simulation. 
This is a broad-ranging concept, which must take into ac
count a large number of qualitatiw variables in order to at
tempt to establish bow a simulation 'feels'. Obviously, some 
of the common effects of interest management, such as en
tities 'popping up' near the Usa' have a strong negative im
pact on this quality. Similarly, the effects on frame rate of a 
highly CPU-intensive interest manager may be factomI into 
this broad notion. Thus we can loosely define the success 
of any interest management approach in a generic conlCXt 
to be the trade off between the reduction in bandwidth con
sumption eotnpared to the perceived decrease in quality of 
simulation. 

In an attempt to focus on such in~t J1l8D88CIIlent issues 
generic to large scale VEs, and to better measure this bal
ance between bandwidth and quality of simulation, a system 

is currently UDder development intended to simulate limited 
aspects of the data model of a peer-~peer, multicast-based, 
massive-scale virtual environment. This simulation also in
cludes behavioral simulations of large numbers of clients. 
This system is intended to allow few the evaluation of these 
two main conc:epts of quality of simulation and bandwidth 
consumption via the following approacbcs: 

1) Qualitative evaluation of the perceptual effects and 
hence quality of simulation by means of a rendering engine. 
Users can be placed within the virtual environment and navi
gate through it freely, obecrving the surrounding scenery and 
clients. It is hoped by analyzing the response of a suitably 
large sample of users, some conclusions can be reached ~ 
garding the success of differing techniques in this respect. 
Of particular emphasis is the success of techniques as band
width constraints force quality of simulation to deteriorate. 

2) Quantitative prediction of the bandwidth consumption 
for a variety of client behavioral models. This output may 
be compared alongside the qualities of simulation in order to 
better appreciate the effects of differing interest management 
approacbcs in as quantitative a method as possible. 

4. DeteIopIDa. nat SlmuIadoD 

4.1. 0tenIew 

The teat system developed (via a combination of Java and 
Java3D) bases itself around the notion of a massive scale, 
peer-to-peer, virtual environment, such as that of DIVE 
[FS98]. The system is highly modular, with the emphasis be
ing placed on allowing components to be interchanged and 
modified as easily as possible. 
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Each client behaves as an autonomous entity running in 
its own thread, and, as a consequence of the modular na
ture, may have its motion governed either by user input or 
an AI routine. Current AI routines are simplistic, ranging 
from purely random motion to a 'point of interest' approach 
whereby points may be inserted into the virtual environment 
which attract clients, hence allowing for a more realistic sim
uLation of client distribution within a virtual space (since 
clients would seldom distribute as evenly as a random mo
tion algorithm wouLd suggest). 

Output on total traffic between clients is streamed to files, 
in order to assess client load distributions and bandwidth 
consumption. The environment is also rendered in real-time 
3D (as shown in Figure I) for purposes of evaluating quality 
of simulation. The rendering engine is currently primitive; 
capable only of showing both overviews of the system and 
a view from the perspective of a single client. Future work 
aims to extend this into providing a user-controlled client 
within a more realistic environment to better assess the qual
ity of the simulation for a given interest management ap
proach. 

Figure 1: Universe overview (left) alongside visualizations 
of both aura (top right) and grid based (bottom right) inter
est management implementations, focused on a single client 

Quantitative evaluation of bandwidth consumption is per
formed by keeping track of the number of total update pack
ets sent through the simulation as it runs, which would in 
a real-world application correspond directly to packets sent 
via the network (each containing an update on nearby client 
attributes). By directly keeping track of the total number of 
packets sent over time by means of a data log, the effects of 
events within the simulation can clearly be observed. 

4.2. Comparison of Existing Approaches 

Figure 2 show output for two basic grid and aura-based in
tere t management implementations, alongside output with 
no intere t management. In all cases clients were initialized 

at the center of the virtual universe and allowed to randomly 
distribute outwards, hence providing an illustration of the ef
fects of a shift from an area of high client density to a lower 
one. 
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Figure 2: Packets sent / time for 3 interest management sim
ulations 

As can be observed, initially with all clients at the center 
of the universe and hence within each other's respective ar
eas of interest, bandwidth use increases linearly with time in 
all 3 simulations. As clients distribute, the simulations run
ning interest management deviate from this linear relation
ship, using less bandwidth as distant clients cease requesting 
updates. Whilst the illustration shown is for the case of 100 
clients, identical behavior can be observed in simulations 
containing both 10 and upwards of 1000 clients. Whilst in 
this case the results may be similarly proven mathematically, 
the system is ultimately intended to allow for the interaction 
of human users, where such proof would be impossible. 

Using such output, it becomes possible to compare band
width usage characteristics of differing interest management 
techniques. However, there is currently an extremely limited 
facility for evaluating the quality of simulation, and hence 
it proves difficult to draw any conclusions from bandwidth 
analysis alone. Establishing such facilities is a primary de
velopment goal, and hence as mentioned in the previous sec
tion bandwidth will ultimately be examined directly along
side quality of simulation. Future work intends to allow for 
contrasting techniques to be evaluated by studying the ren
dered output of the system and noting the change in qual
ity of simulation whilst total bandwidth use remains con
stant. This differs from many approaches, which seek to pro
vide evidence for bandwidth reduction while maintaining a 
constant quality of simulation. In practical applications the 
available bandwidth is often the constant factor, and thus 
placing emphasis on providing scalability such that qual
ity of simulation may be optimised for any given bandwidth 
should prove advantageous. 

In order to further develop techniques a consideration 
needs to be made of the nature of quality of simulation (as 
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discussed in section 3). and ways in which its attributes may 
be exploited to provide such improvement. A fundamental 
aspect of quality of simulation of particular interest is its 
close relationship to the perception of the user. If a user sim
ply 'feels' a simulation is more accurate. then an impr0ve
ment can be assumed to have been achieved. Existing in
terest management techniques often provide some appreci
ation of perception as a simple spatial attribute - if a object 
is within a certain distance of the user. then it is perceptu
ally important More refined approaches. such as that of Be
haree et al .• take fuller advantage of the wealth of research 
regarding perception. and consider its implication to inter
est management 'The next section introduces an alternative 
approach to the implementation of such perceptual consid
erations. 

5. A PeraptuIIy-Orteated IDtenst MuqemeDt 
Approecb 

Currently, a method is being developed which bases itself 
on the aura concept of interest management However, the 
shape and desaiption of this aura is modified to accommo
date a series of perocptual concepts: 

1) Spatial proximity alone is largely irrelevant as a mea
sure of relevance in the situation of a client observing a dis
tant object. Many 1M approaches offer poor performance 
with regards to distant objects. as they focus primarily on 
the space around the user. 

2) It is possible to provide a good approximation of a 
users interests by studying their interaction within the envi
ronment - specifically. how they orient their viewpoint using 
mouse or bead-mounted input devices. 

3) Such interests may shift rapidly. particularly in the case 
of milibWy simulations or games. 

Existing pen:eptually-oriented 1M approacbes base them
selves largely around the model of attention as a multi
modal process [pJROl). In this SCCD8rio, objects are filtered 
based on intrinsic low-IeYel properties such as their colour. 
or higher-level simulation dqJendant attributes. However. a 
wealth of alternative models for attention Wst which of
fer scope for continued researc:h. In particular. the spotlight 
model of attention [1re86) may be seen to offer the potential 
to provide additional filtering based on user viewpoint orien
tation. It is this model which forms the basis of the technique 
currently being developed to wort alongside existing meth
ods and offer further refinement 

In order to implement such a model. a system is devel
oped wherein each client is assigned a dynamic aura. a COII

cept not new in itself (Velvet [(002), for example, imple
ments sucb a system successfully). However, the shape of the 
aura is derived by attempting to determine the visual focus 
of the client. based upon their orientation and the surround
ing pomecry. This method provides a unique emphasis on 

the focus of the user, rather than their entire field of vision 
or immediate aura. and is of particular relevance to large
scale military simulations wherein the target of the user is 
frequently of more importance than other nearby entities. 

A basic illustration of this concept is shown in Figure 3. 
Both the region around the user (l) and their focus (2) are 
considered of interest and thus assigned high level of de
tail (LOD) priority, although significantly grealCt emphasis 
is placed around the focus. Thus a relatively distant client 
(3) receives a high priority due to their position ncar the fo
cus. The focus itself is determined by use of a conical pick 
segment. drawn from the center of the user's field of view, 
whicb ultimately intersects with either geometry of another 
client In the case of a geometry intersection, the local area is 
analysed for nearby clients and focus shifted to the nearest. 
It is hoped that users will naturally learn to realign the center 
of the screen accordina to their interest (using mouse-driven 
input), bence making this measure of focus valid. It also in
tegrates well with military simulations and first-person style 
games. which tend to place the user's weapon crosshair cen
tral on the screen. 

Subsequent to the establishment of focus. a field of values 
representing perceptual relevance (termed P-values) is estab
li~ based upon field equations .-ising from the concepts 
discussed above and generally obeying computationally
simple 1/'" behaviour. 'The system thus can be described as 
taking advantage of 'inattentional blindness' [MR.98), as 0b
jects in the middle-ground generate lower P-values to those 
near the user or point of focus. These values may be sub
sequently quantised to provide suppM for multiple levels 
of detail (as illustrated in Figure 3), and thus aanslated into 
multicast group subscriptions. The generic nature of the P
values allows a separation between providiq a measure of 
perceptual relevance and performiq the information culliq 
central to interest management, whicb is useful for addina 
additional weightina or filtering prior to data transmission. 
Current work is considering more closely other perceptually 
important aspects of behaviour, sucb as sudden movement, 
in an attempt to predict focus shifts prior to user interaction 
- in effect building upon existing metbods whicb seek to pre
dict interactions based purely on object motion [ML03]. Fur
ther research intends to consider allowing event-biggered fo
cus shifts (sucb as a sound near the user) to combat 'degree 
of blindness' effects (SCCD8rios where clients are not mutu
ally visible) as noted by the Velvet system. 

A further advantage of the P-value field description is 
an ability to downsize in areas of high network traffic not 
only by a reduction in the volume of each aura. but also 
by directly changing the thresbolds for the translation be
tween values and their corresponding multicast groups. This 
permits emphasis to shift from displaying large numbers 
of clients at low resolution or smaller numbers with in
creased quality without necessitating any recalculations of 
aura structure or definition. 'The approach is generally de-
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Figure 3: Perceptual Relevance Model 

signed for scenarios where clients are viewing or interacting 
with large numbers of other clients in open environments, 
providing filtering for large scale scenarios such as virtual 
cities or combat simulations. Thus such techniques which 
offer a low processing overhead alongside scalability, and 
remain capable of increasing CPU demand to filter more ac
curately (by increasing the rate at which the aura is recalcu
lated), are advantageous. 

Preliminary implementations within the test system de
scribed in Section 4 indicate a sufficiently low CPU load to 
be viable; however, to accurately evaluate the success of the 
method a measure of quality of simulation is required (as 
noted previously). This is the focus of future work. 

6. Summary 

This paper has presented a brief review of the state-of-the-an 
regarding interest management in MMVEs, alongside pro
viding a discussion of the potential for further analysis of 
perceptual relevance, and the shortcomings of existing per
ceptual techniques in a generic context. It has also provided 
some discussion into the criteria that need to be established 
for the comparative evaluation of interest management tech
niques, and outlined the development of a test system in
tended to provide facilities for such evaluation of perfor
mance is a wide range of scenarios. Finally, an approach has 
been described which seeks to provide both flexibility and 
scalability alongside a perceptually-oriented 1M paradigm. 

It is hoped such refinements to interest management will 
allow not only for more efficient use of bandwidth along
side improved quality of simulation. but will also allow for 
far greater extensibility, as content may be streamed at run 
time rather than downloaded in advance. Such environments 
would allow for far greater creativity and interactivity than 
existing environments, and subsequently offer far more p0-

tential. 
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