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To myparents 

"Let me tellyou the secret that has 
led me to my goal. My strength lies 
solely in my tenacity" 





A priority in Intelligent Virtual Agents Systems (IVAS) and multi- Intelligent Virtual 

Agents Systems (mlVAS) is to introduce human-like sensitiva perception. Within the 

cognitive research área, there are some studies underwriting that human perception can 

be understood as a first level of an "awareness model" [Endsley 88], [Endsley 93]. 

FoUowing from this research, we have developed a human-like perceptual model based 

on one of the most successful awareness models in Computer Supported Cooperative 

Work (CSCW), called the Spatial Model of Interaction (SMI), which manages 

awareness in CoUaborative Virtual Environments (CVEs) through a set of key concepts. 

This perceptual model extends the key concepts of the SMI by introducing some 

human-like factors typical of human perception, which are reinterpreted with the aim of 

introducing them as the key concepts of an IVA human-like perceptual model. Agent 

perceptual capabilities should faithñilly resemble those of a human being. This is the 

first time that an awareness model designed for CSCW applications has been 

reinterpreted as an IVA perceptual model. We have focused on two senses -visión and 

hearing-, and some representative perceptual factors - like Sense Acuity or Sense 

Transition Región. 

Having formalised the perceptual model, we selected an appropriate agent 

architecture on which to use and test this perceptual model. We selected a vertical 

layered architecture, Nilsson's Triple Tower Model. The introduction of this perceptual 

model into the agent perceptual block has required the creation of a perceptual engine to 

maiiage not just the sensitive agent perception but also some other extemal and 

additional factors, such as attenuation. The agent's perception is composed of three 

modules: Sensitive Perception, Attenuation and Interna! Filtering. The sensitive 

perception module simulates the human process of perception by which organisms 

receive sensations from the environment, depending on some relevant sensorial 

concepts: Human Factors, Physical Factors, Object Factors and Adaptors. The 

implementation of our perceptual model has another important goal; our system 

introduces a semi-centralised approach to perception. This means that each agent is 

responsible for just part of its own perception, while the system is responsible for the 

rest. The final perceptual model allows an IVA to perceive its environment and 

surrounding objects in real-time with a human-like clarity of perception, gaining 

knowledge about its surroundings and experiencing any virtual simulated environment. 

The resulting perceptual model was designed to allow an IVA to be "aware" of the 

objects that the agent can perceive with a human-like clarity of perception. 
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Una prioridad en Sistemas de Agentes Virtuales Inteligentes (AVis) y sistemas 

multi-Agentes Virtuales Inteligentes (mAVIs), es introducir una percepción sensitiva 

similar a la que poseen los seres humanos. Algunos estudios dentro del área de 

investigación cognitiva introducen la percepción humana como el primer nivel de un 

modelo de "awareness^^^" [Endsley 88], [Endsley 93]. 

Basándonos en estos estudios, nosotros hemos desarrollado un modelo de percepción 

basado en uno de los más conocidos modelos de "awareness" desarrollados para trabajo 

colaborativo (CSCW). Este modelo es conocido "Modelo Espacial de Interacción" 

(MEI) y gobierna "awareness" en Entornos Virtuales Colaborativos (EVC). 

Este modelo de percepción extiende los conceptos fundamentales del MEI, 

introduciendo algunos factores propios de la percepción en humanos, reinterpreta estos 

conceptos clave con el fin de introducirlos en el sistema perceptivo de un AVI. De este 

modo, las capacidades perceptivas de un AVI serían similares a las de un humano. Esta 

es la primera vez que un miodelo de "awareness" diseñado para trabajo colaborativo 

(CSCW) es reinterpretado como un modelo de percepción para AVIs. 

Nos hemos centrado en los sentidos más utilizados en Entornos Virtuales (EV) por el 

momento — visión y oído - y en algxonos factores característicos del sistema perceptivo 

humano como son la Agudeza Sensitiva o la Región de Transición Sensorial. Una vez 

formalizado el modelo, hemos seleccionado una arquitectura de agentes para poder 

introducir, usar y validar nuestro modelo. De entre todas las posibles arquitecturas, 

hemos seleccionado el Modelo de Triple Torre de Nilsson. La introducción de este 

modelo de percepción dentro de la arquitectura de agente seleccionada ha requerido la 

creación de un "motor de percepción" que permita manejar no sólo la percepción 

sensitiva del agente sino también algunos factores externos y adicionales tales como la 

atenuación. Dentro del bloque de percepción del agente hemos querido distinguir tres 

módulos diferentes: Percepción Sensitiva, Atenuación y Filtros Internos. La percepción 

sensitiva simula el proceso de percepción humano por el cual los organismos 

sensoriales reciben sensaciones del entorno, dependiendo de algunos factores conceptos 

sensoriales relevantes: Factores Humanos, Factores del Objeto y Adaptadores. El 

modelo de percepción resultante permite que un AVI perciba, en tiempo real, el entorno 

que le rodea con una claridad de percepción similar a la de un ser humano mediante un. 

modelo semi-centratizado de percepción. 

(1) Terminología asociada a este modelo 
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Motivation and Scope 

Interactive virtual worlds provide a powerful médium for experimental leaming and 

entertainment, the range of worlds and periods of time - past, present or future - that 

people can explore -, the situations that users can live - from factual to fantasy -, and the 

interactivity that users can experience being almost unlimited. 

In fact, what makes virtual environments distinct from all other human-computer 

interfaces is that users have the illusion of being completely surrounded by spatial 

information. In this case, users are aware of any other users connected, and the feeling 

of immersion, shared presence and interactivity (with objects and other participants) is 

very strong. 



MOTIVATION AND SCOPE 

As a consequence of this strong feeling of immersion, when users are navigating 

through a virtual environment, consciously or unconsciously, they are expecting to have 

the chance to live out any situation. Users are not prepared to distinguish what kind of 

situation can be lived in a virtual environment from ones that can only be lived in a real 

environment. 

In the attempt to simúlate the appearance and the functions of life, the simulation of 

humans is eventually inevitable. Nowadays, virtual environments often incorpórate 

human-like embodied virtual agents with varying degrees of intelligence, getting what 

we cali Intelligent Virtual Agents (IVAs). An IVA is an autonomous embodied agent in 

a usually 3D interactive graphical environment or Virtual Environment (VE) , which 

draws on AI and ALife technology so as to interact intelligently with its environment 

and with human users. An IVA may simply evolve in its environment or it may interact 

with this environment or even communicate with other IVAs. 

The field of Intelligent Virtual Agents (IVAs) is a new, emerging and multidisciplinary 

área. It is making rapid progress, owing to its inherent appeal to a variety fields, such as 

education, entertainment, computer games or communication. 

Strongly related to IVAs is the field of Multi-Agent Systems (MAS). MAS [Weiss 99] 

contain autonomous and distributed agents that may be co-operative or self-interested. 

But the agents in a MAS do not need to be embodied. They can be puré software agents. 

The scope of our research is what we cali mlVA-VE systems (VEs populated by 

múltiple rVAs). An mlVA-VE is particular type of MAS in which both users and agents 

are embodied and can interact with each other. 

mlVA-VE systems can be used to simúlate real life from any point of view. One of the 

most typical uses are war simulations, where mlVA-VE systems simúlate risky 

situations to train soldiers to deal with them. Realism is very important in this kind of 

scenarios the. The more realistic the simulation is , the better the soldiers will be 

trained. 



MOTIVATION AND SCOPE 

The goal of much of the work on mlVA-VEs is to make agents more realistic, and 

realism has often been sought by providing human-like appearance or behaviour. 

However, the realism of perception has for a long time been ignored. 

The result of an IVA perceiving an object/agent in the VE is its becoming aware of this 

object/agent. The research that we present in this dissertation is precisely oriented 

towards endowing IVAs with perceptual mechanisms that allow them to be 

"realistically a-ware" of their surroundings. We propose a perceptual model, which 

seeks to introduce more coherence between IVA perception and human being 

perception. This will increment the psychological ''coherence''' between the real Ufe and 

the virtual environment experience. 

This coherence is specially important in order to simúlate realistic situations as, for 

example, military training, where soldiers must be trained for living and surviving risky 

situations. A useful training would involve endowing soldier agents with a human-like 

perceptual model, so that they would react to the same stimuli as a human soldier. 

Agents lacking this perceptual model could react in a non-realistic way, hearing or 

seeing things that are too far away or hidden behind an object. A different situation 

could happen, for example, in a museum where, if an agent is too cióse to a painting, it 

ca not get a clear impression of the image that is on the painting. The perceptual model 

we propose in this dissertation introduces these limitations inside the agent's perceptual 

model with the aim of reflecting a human-like perception. 

Drawing on the idea of an IVA "being aware", we found that awareness is a familiar 

concept in the context of CSCW. In fact, there are some abstract models of awareness, 

such as the "Spatial Model of Interaction" (SMI) [Benford 93a], which have been tested 

with successful results in CSCW multi-user environments. Bearing in mind that 

physical perception can be understood as the first level of an "awareness model" 

[Endsley 88], [Endsley 93], [Shively 97], the first goal for our research is to provide a 

reinterpretation of the key concepts of the SMI to introduce them as key concepts of a 

perceptual model, applying this model to IVAs. 

Before we discuss our definition of "awareness", we will describe how the term has 

been used and defined in CSCW literature. 
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Probably the best-known definition of awareness in CSCW literature was given by 

Dourish and Bellotti [Douiish 92] in their seminal paper on awareness and co-

ordination in shared workspaces. They define awareness as "an understanding of the 

activities ofothers which provides a contextfor your own activity". 

Other definitions of awareness from the literature include: 

• "each user should be aware of what the others are doing, to facilítate 

coordination...'"[Besiudoum-Lsífon92] 

• "to be aware of the presence of other users and their access to the shared 

objects" [ToUmar 95] 

• "The use ofimplicitly existing information channels with the goal to capture past 

and present activities of co-operation partners in the current working context" 

[Rauschenbach 96] 

• "Low-effort, informal communication which allows people to stay aware ofthe 

activities of their colleagues and coworkers and provides the 'context' for work-

related activities" [Smith 96] 

We can infer from all these definitions that the term "awareness" in real life has a 

broader meaning than actually intended by most publications in the CSCW literature. 

What is usually meant in CSCW is "group awareness" or "co-operation awareness", 

being knowledge about the state of a co-operative effort of a group of people. 

The starting point for this consideration of awareness is work as a social and public 

phenomenon. The process of work involves activities being made public to allow 

groups to co-ordinate their activities. 

A number of different physical environments have been developed to support the 

publicity of work and to promote co-ordination. When the environment is a three-

dimensional (3D) virtual environment, within which users feel immersed, the research 

área is called Collaborative Virtual Environments (CVEs). A definition for CVE is 

given by Greenhalgh as ^^distributed multi-user virtual environment that supports co-

operative work andplay" [Greenhalgh 99a] 
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Perhaps the most well-known awareness model in CVEs is the "Spatial Model of 

Interaction" (SMI) [Benford 93a]. This model was first proposed as a way of managing 

awareness in CVEs through the mechanisms of focus, nimbus, aura, awareness and 

adapters [Benford 92] [Benford 93a], [Benford 95]. The SMI is abstract and open 

enough so as to allow for the extensión and the reinterpretation of its main concepts. 

This model was initially demonstrated in the DIVE system and then first fully 

implemented as the MASSIVE system [Greenhalgh 95]. MASSIVE has since then been 

used to hold many virtual meetings and several papers have described these experiences 

including studies of interaction [Bowers 96]. 

The aim of our research is not just to extend the Spatial Model of Interaction to mlVA-

VEs, but also to make it more realistic introducing some concepts typical in human-like 

perception. 

Both objectives are very extensive and bearing in mind that this is the first time that an 

awareness model designed for CSCW applications is going to be reinterpreted as a IVA 

perceptual model, we have focused on just two senses: visión and hearing. 

Agents endowed with this perceptual model will be able to: 

1- Experimence, in real-time, any virtual simulated environment, having 

knowledge about their surroundings. 

2- Behave and respond to previously perceived stimuli from their environment. 

3- Behave and respond to interaction with the real world, having then the 

possibility of interacting and communicating with humans rather naturally. 

In this dissertation, we give an overview of the studies related to the work we have 

developed (chapters 2 and 4) and we explain the working hypotheses (chapter 3). 

Subsequently, we describe how we have designed the model of perception: analysing 

the factors that make the perceptual model more realistic; re-defíning and reinterpreting 

the set of key concepts introduced by the Spatial Model of Interaction; and introducing 

a set of mathematical functions to describe the agents' clarity of perception (chapters 5 

and 6). We also explain the set of awareness functions for implementing the perceptual 
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model (chapter 7) and how this model of perception has been implemented (chapter 8) 

and evaluated (chapter 9). Finally, we will discuss the results of this work, from which 

we have the conclusions (chapter 10) and we will mark out the future Hnes of research 

(chapter 11). 
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Perception in IVAS 
and in Human Beings 

The aim of this chapter is to give an overview of research aiming to introduce 

perception in Multi-Intelligent Virtual Agent systems (mlVAS). We start with very 

simple concepts and agent definitions, continuing with a review of agent architectures, 

Multi-Agent Systems (MAS) and Multi-Intelligent Virtual Agent Systems (mlVAS). 

After this overview, we will analyse how human beings process the Information 

perceived from the environment, concluding with a survey of the state of the art in agent 

perception in IVA and mi VAS. 
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2.1. WHATIS AN AGENT? 

There are many, varied definitions, but, generally, an agent is known as "aw entity 

authorisedto act on another's hehalf [Collins 91]. 

A Computer system that can robustly and quickly decide for itself what it needs to do to 

satisfy its design objective is also known as an agent. "An agent is a computer system 

that is situated in some environment, and that is capable ofautonomous action in this 

environment in order to meet its design objectives" [Wooldridge 95]. 

Figure 1 An Overview of an agent defínitíon 

According to Maes' defínitíon [Maes 94], [Maes 95] "Autonomous agents are 

computational systems that inhabit some complex dynamic environment, sense and act 

autonomously in this environment, and by doing so realise a set of goals or tasks for 

which they are designed." 

As Hayes-Roth states [Hayes-Roth 95], intelligent agents continuously perform three 

functions: perception of dynamic conditions in the environment; action to affect 

conditions in the environment; and reasoning to interpret perceptions, solve problems, 

draw inferences, and determine actions. 

But perhaps one of the more detailed definitions of agents is Ferber's [Ferber 99]: 

"An agent is aphysical [i.e., acts in the real world, e.g., car] or virtual [í.e., it doesn't 

have physical existence, e.g., software component] entity: 
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l.which is capable ofacting in an environment, 

l.which can communicate directly with other agents, 

S.which is driven by a set oftendencies (in theform of individual objectives or ofa 

satisfaction/survival function which it tries to optimise), 

4.whichpossesses resources ofits own, 

5. which is capable ofperceiving its environment (but to a limited extent), 

ó.which has only a partial representation ofits environment (and perhaps none at 

all), 

7. which possesses skills and can offer services, 

S.which may be able to reproduce itself, 

P.whose behaviour tends toward satisjying its objectives, taking account of the 

resources and skills available to it and depending on its perception, its 

representations and the Communications it receives ". 

An agent possesses knowledge and methods, and may have the ability to engage in 

complex communication with other agents, including human agents, to gather 

information or request their help in accomplishing its goals and tasks. 

Like objects, agents may interact with each other via message passing using 

Communications protocols. The classes of message protocols, such as informing, 

requesting, offering, accepting, rejecting, competing, and assisting, have been mainly 

borrowed from speech act theory [Winograd 86], [Searle 69]. 

However, we should clarify that "agents" are quite different to "objects" for many 

reasons. Objects can be defíned as computational entities that encapsulate some state, 

are able to perform actions or methods on this state, and communicate by message 

passing. Among other features, agents have a stronger notion of autonomy than objects, 

since they can decide for themselves whether or not to perform an action on request 

from another agent, and are endowed with flexible behaviour. 

There follows a short list of a few somewhat ad hoc properties that, alone or together, 

may be taken to define an agent [Nwana 97], [Wooldridge 94b], [Khosla 97]: 
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• Autonomy: Being able to perform tasks on its own without the need for human 

guidelines. 

• Social ability: Being able to interact with others. 

• Reactivity: Being able to sense and respond to its environment. 

• Pro-activeness: Being able to exhibit goal-directed behaviour by taking the 

initiative. 

• CoUaboration: Being able to work in a co-operative manner with other agents in 

open and time-constrained multi-agent environments. 

• Leaming and adapting: Being able to increase its performance and to adjust to 

environmental change. 

Normally, an agent will have a set of actions available to it, which represents the agent's 

capability and its ability to modify its environment. Not all actions can be performed in 

all situations, for example, an action "open the door" is not possible if there is no door. 

Therefore, actions can have associated pre-conditions , which define the possible 

situations in which they can be applied. 

One of the key problems in building an agent is how to decide which actions should be 

performed by an agent to best satisfy its design objectives. This decision-making 

process will be determined by the agent's architecture and can be affected by a number 

of different environmental properties [Russel 95]. 

2.2. SOME AGENT ARCHITECTURES 

Agent architectures are aimed at putting agent theories into practice, constructing 

Computer systems that satisfy the above-mentioned agent properties. There are different 

criteria for classifying agent architectures. For example, Wooldridge classifies them as 

[Wooldridge 99]: 

• Logic-based architectures: Decisión making is realised through logical 

deduction. 

10 
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• Belief-desire-intention architectures: Decisión making depends upon the 

processing of data structures, being a function of agent beliefs, desires, and 

intentions. 

• Layered architectures: Decisión making is realised via various software layers, 

each of which is more or less explicitly reasoning about the environment at 

different levéis of abstraction. 

• Reactive architectures: Decisión making is often a simple reaction to an 

environment, without reasoning about it. 

Another classification of agent architectures is [Jennings 98a]: 

• Deliberativa Architectures 

• Reactive Architectures 

• Hybrid Architectures 

• Practical reasoning architectures 

In the course of this dissertation, we will have to choose ene of these architectures to 

endow the agent with the proposed perceptual model and thus provide agent perceptual 

properties. For this reason we are going to describe these architectures in more detail in 

the following sections. 

2.2.1 LOGIC-BASED ARCHITECTURES 

Understanding agents as complex software-controlled systems, logic programming can 

play a role in agent systems, since it includes some concepts, such as declarativity, 

unifícation, meta-logic programming, and deduction rules, from which the new 

technology of multiagent systems can benefit [Wagner 95], [Wagner 96], [Wagner 97]. 

This approach is useful since the agent's behaviour can be specified and executed 

directiy. Agents use a symbolic representation of their environment and behaviour. 

These symbols correspond to logical formulas and represent the agent's beliefs. The 

agent reasons using logical deduction or theorem proving. 

In logic-based architectures, decision-making is viewed as logical deduction. The 

process of deciding which action to perform is reduced to a theorem-proving problem. 

11 
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Such architectures offer semantic clarity but suffer from a number of drawbacks and do 

not seem well suited to domains that are subject to real-time constraints. 

2.2.2 BELIEF-DESIRE-INTENTION ARCHITECTURES 

Belief-Desire-Intention architectures (BDI) originated from work on the Rational 

Agency project, at Stanford Research Institute, in the mid-1980s. As the ñame indicates, 

BDI agents are characterised by a "mental state" with three components: beliefs, 

desires, and intentions. Intuitively, beliefs correspond to Information that the agent has 

about its environment. Desires represent "options" available to the agent, that is, 

different possible states of affairs that the agent may choose from. Intentions represent 

the States of affairs that the agent has chosen. 

The origin of the model lies in the theory of human practical reasoning developed by the 

philosopher Michael Bratman [Bratman 87], which focuses particularly on the role of 

intentions in practical reasoning. The conceptual framework of the BDI model is 

described in [Bratman 88], which also describes a specific BDI agent architecture called 

IRMA. 

One of the noteworthy aspects of the BDI model is that it has been used to build some 

of the most interesting agent systems to date, such as: 

• The Procedural Reasoning System (PRS), developed by Michael Georgeff and 

Amy Lansky [Georgeff 87]. 

• The fault diagnosis for the reaction control system of the space shuttle 

[Subramanian 95a], [Subramanian 95b], [Subramanian 95c]. 

• The air traffic management system at Sydney airport in Australia [Jennings 

98b]. 

The BDI model is also interesting because a great deal of effort has been devoted to 

formalising it [Rao 91a], [Rao 9Ib], [Rao 92a], [Rao 92b], [Rao 93], [Rao 96], 

[Panzarasa 99], [d'Invemo 96], [Panzarasa 02]. These models have been extended by 

others to deal with, for example, communication between agents [Haddadi 96]. 

12 
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2.2.3 LAYERED ARCHITECTURES 

In these architectures various subsystems are arranged into a hierarchy of interacting 

layers [MuUer 95]. There are two types of control flow in layered architectures: 

• Horizontal layering (Figure 2) 

In horizontally layered architectures, the software layers are each directly 

connected to the perceptual input and action output. 

Perception 
Input 

Action 
Output 

". Central 
'Processing';;, 

¿AJ? 
Figure 2 Horizontal Layered Architecture 

In fact, each layer itself acts like an agent, making suggestions as to what action 

to perform. An example of this architecture is the Sloman Triple Layer Model 

[Sloman 99], illustrated in Figure 3. 
zTa^:i«''m&vzt^f«msisss3^m!/mri 

Meta-management 

Deiiberative Reasoning 

Figure 3 Sloman's Triple Layer Model 

Another example of a horizontally layered agent architecture is TOURINGMACHINES 

[Ferguson 92a], [Ferguson 92b], [Ferguson 95]. 

• Vertical layering (Figure 4) 

In vertically layered architectures, perceptual input and action output are each 

dealt with by at most one layer. 

13 
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Figure 4 Vertically Layered Architectures 

We can subdivide vertically layered architectures into (Figure 4): 

• One-pass architectures: Control flows sequentially through each layer, until the 

final layer generates action output 

• Two-pass architectures: Information flows up the architecture (the first pass) and 

control then flows back down. 

In both (one-pass and two-pass) vertically layered architectures, the complexity of 

interactions between layers is reduced, since there are only N-1 interfaces between N 

layers. 

Vertically layered architectures are clearly much simpler than the horizontally layered 

ones, but they are less flexible (control must go through all the layers before decisión 

making ). An example of a vertically layered two-pass agent architecture is the 

INTERRAP [MüUer 96]. 

A particular case of a vertical layering architecture is the Triple Tower Model defined 

by Nilsson [Nilsson 01] and illustrated in Figure 5. In this architecture, control 

information flows up and flows back down the architecture not just between 

consecutive layers. 

14 
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Figure 5 Triple Tower Model 

The Triple Tower Model separates perceptual mechanisms, central processing 

mechanisms and action mechanisms, but the boundaries between these three levéis need 

not be very sharp, especially where there is rich two-way information and control flow. 

There are some combinations of these basic architectures [Sloman 02], producing some 

"schemas" like, for example, the "CogAff Schema" [Sloman Ola], which defines a 

variety of components and linkages, accommodating cognition and effect, or the 

popular 'Omega' information flow model [Sloman 01b]. 

2.2.4 DELIBERATIVE ARCHITECTURES 

Deliberative agents are generally goal-driven, that is, they have the ability to set and 

foUow new goals vía logical, or at least pseudo-logical, reasoning, based on pattem 

matching and symbolic manipulation [Wooldridge 94b]. 

This approach considers agents as a particular type of knowledge-based system. This 

symbolic artificial intelligence paradigm is based on the physical-symbol system 

hypothesis formulated by Newell and Simón: "A physical symbol system is defined to 

be a physically realizable set of physical entities (symbols) that can be combined to 

form structures, and which is capable of running processes that opérate on those 

symbols according to symbolically coded sets of instructions. The physical-symbol 

system hypothesis then says that such a system is capable of general intelligent action " 

[Newell 76]. 

15 
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In other words, deliberative agent architectures are built in two main steps: 

• The first one is the description of the agent's environment, as it is living in a 

symbolic representation (Declarative Knowledge) 

• The second one is the foimaUsation of its reasoning, how it has to react to a 

special situation that is the result of this action (Procedural Knowledge). 

Deliberative agents can have leaming capabilities and are able to perform complex 

reasoning; however, they have poor reactivity capabilities. 

2.2.5 REACTIVE ARCHITECTURES 

These agents perform predefined tasks in reaction to stimuli and are not goal-oriented. 

Purely reactive agents do not employ standard models of their environment to make 

decisions. They make decisions based on local information, that is, they must perceive 

their environment to determine an action [Bryson 01]. 

The emphasis in these architectures is put on direct coupling of perception and action 

using a number of simple behavioural schemes. These processes are generally fast and 

contain mínimum explicit domain or intemal state information. 

Known as the bottom-up or behaviour-based approach, it was inspired by the fact that 

most everyday activities consist of routine actions and not of abstract reasoning 

[Jokelainen 02]. In reaction to the unrealistic assumptions of classical planning, such as 

the assumption of an unchanging, static world, a new design paradigm, the behaviour-

based approach [Lyons 92], aróse in the mid-eighties, v^hich sought to sitúate and test 

agents within unpredictable, changing and preferably real-world domains. Brooks 

[Brooks 90], [Brooks 91b] argued that agents should be composed of reactive modules 

directly coupled to sensing and acting apparatus, where each module produces a 

particular behaviour, rather than coUections of modules, such as sensing, acting, and 

planning modules, that interact to produce overall behaviour. In other words, the agent 

should be composed of behaviour-producing modules. The subsumption architecture 

[Brooks 91a] is an example of this approach. Each behaviour module is connected to 

others via wires that form a layered architecture. There is no explicit representation of 
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goals or other symbolic structures. Some behaviour modules inhibit or prevent others, 

"subsuming" the lower level behaviour into a higher level synthesis. 

The behaviour-based approach is concemed with building architectures that are robust 

and successful in real-world domains. The approach avoids traditional plan 

representation and execution. 

2.2.6 HYBRID ARCHITECTURES 

Many researchers agree on the point that neither a deliberative architecture ñor a 

reactive architecture is suitable for an agent architecture, and it is advisable to créate a 

hybrid architecture, which attempts to mix these two different approaches (deliberative 

and reactive architectures) [Jennings 98a], [Jennings 98b], [MüUer 96], [Davidsson, 94], 

The deliberative component develops plans and makes decisions, and the reactive 

component deals with events occurring without complex reasoning. 

2.2.7 PRACTICAL REASONING ARCHITECTURES 

The practica] reasoning architecture paradigm is based on the kind of pragmatic 

reasoning we use. The paradigm is modelled by a theory of practical reasoning in 

humans [Jennings 98a]. Practical reasoning has long been an área of study by 

philosophers, who are interested in developing theories that can account for human 

behaviour. Typically, theories of practical reasoning make use of psychology [Folk 02], 

whereby behaviour is understood as the attribution of attitudes, such as beliefs, desires, 

and intentions. The best known practical reasoning based architecture is the above-

mentioned belief-desire-intention (BDI) model. An agent's practical reasoning involves 

repeatedly updating beliefs from information in the environment, deciding what options 

are available, "filtering" these options to determine new intentions, and acting on the 

basis of these intentions [Jennings 98a]. 

2.3. MULTI-AGENT SYSTEMS and mlVAS 

Traditionally, research into systems composed of múltiple agents was carried out under 

the banner of Distributed Artificial Intelligence (DAI), and has historically been divided 
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into two main camps: Distributed Problem Solving (DPS) and Multi-Agent Systems 

(MAS). 

Distributed problem solving (DPS) considers how a particular problem can be solved 

through the cooperation (in dividing and sharing knowledge about the problem and its 

evolving Solutions) of a number of modules (nodes). By contrast, MAS considers how a 

coUection of possibly pre-existing autonomous agents behave to solve a problem. In 

fací, MAS can be defined as a loosely coupled network of agents - problem solvers -that 

work together to solve problems that are beyond their own individual capabilities or 

knowledge [Durfee 89]. 

More recently, the term MAS has come to have a more general meaning, and is now 

used to refer to all types of systems composed of múltiple (semi-)autonomous 

components [Jennings 98a]. But, as with the term agent, finding a widely accepted 

defmition of MAS is difficult. Weiss [Weiss 99] defines multi-agent environments as 

having the foUowing characteristics: 

• They provide a basis for specifying interaction and communication protocols; 

• They are mostly open and have no centralised designer; 

• They contain autonomous and distributed agents that may be cooperative or self-

interested. 

Jennings [Jennings 98a] takes into account three types of interaction in MAS: 

• Cooperation: Agents work together towards a common aim. 

• Coordination: Agents manage and organise dependencies between activities to 

solve problems. 

• Negotiation: Agents reach an agreement, which is acceptable to all the parties 

involved. 

Although multi-agent systems provide many potential advantages, there are also many 

difficult challenges. In 1998, Jennings presented a long list of various challenges 

conceming the design and implementation of MAS [Jennings 98]. Precisely some of 

these challenges are connected with some of the above-mentioned types of interaction, 

like coordination and cooperation. 
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Achieving coordination among autonomous agents is a major problem in multi-agent 

Systems. Generally, agents coordínate their actions by exchanging messages. 

Coordination is a problem of managing dependencies between the activities of 

autonomous agents under conditions of incomplete knowledge about the dynamically 

changing environment and about the actions, reactions and goals of the agents 

populating it. In the same way, when agents work together in MAS towards a comntion 

goal, they have to cooperate. An agent must rely on models of its actions when 

formulating plans, and these models may be inaccurate or incomplete. 

Several protocols and models, customised to suit a tange of application domains, have 

been proposed [Barbuceanu 95], [Tolksdorf 00],[Burmeister 95]. 

Ferber [Ferber 99] reports the elements that comprise a MAS and which need to be 

detailed before constructing a MAS. These elements are: 

• Environment: Space in which every object of the MAS resides. 

• Ohjects: Each element in the environment. 

• Agents: An object in the environment that satisfies agency requirements. 

• Relatiom: Link objects to each other in the environment. 

• Operations: Actions that agents can perform in order to modify the environment 

and to achieve their goals. 

• Operators: The laws of the environment. They are basically the reactions of the 

environment to the actions talcen by agents. 

Moreover, Ferber defines four types of MAS according to the communication ability 

and physical existence of the agents in the environment: Communicating MAS, Purely 

Communicating MAS, Situated MAS and Purely Situated MAS. 

Ferber uses the term Communicating MAS as a shorthand notation for MAS whose 

agents communicate which each other directly by means of messages. In 

Communicating MAS, agents' interactions are expressed in the form of the allocation of 

tasks and the sharing of knowledge. When there is no environment and the agents do 

nothing except communicate, he refers to Purely Communicating MAS. 
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Ferber also uses the term Situated MAS as shorthand to indícate a multi-agent system 

whose agents are positioned in an environment. When the agents are situated, having a 

position in a metric space, they are capable of perceiving and recognizing their 

environment through the functioning of their perceptive capabilities. They are capable 

of acting as well, transforming the state of the system by modifying the positions of the 

objects and their interrelationships. 

When Situated MAS do not communicate by sending messages but only by signal 

propagation, he refers to Purely Situated MAS. Thus, the definition that he gives to this 

Purely Situated Agent is a "physical entity which is situated in an environment, is 

driven by a survival/satisfaction function, possesses resources ofits own, in theform of 

powers and tools, is capable of perceiving its environment (but to a limited extent), has 

practically no representation of its environment, possesses skills, can-perhaps-

reproduce and has behaviour tending to fulfil its survival/satisfaction function, taking 

into account the resources, perceptions, and skills available to it" [Ferber 99]. 

Ferber describes three levéis of organisation studied in multi-agent systems: 

• Micro-Social Level: Interactions between agents, and the various forms of links 

between agents, are considered for this level. 

• Group Level: Intermediary structures are considered for this level. 

• Population Level: Dynamics of a large number of agents, together with the 

general structure of the system and its evolution, are considered for this level. 

Agent and Multi-Agent Systems are currently used for a variety of purposes, both in 

research and real-world applications. Some of them have been explored for a long 

time,like, for example, manufacturing [Parunak 87], telecommunication systems 

[Griffeth 94] or air traffic control [Ljungberg 92]. 

However other arcas, like, for example, Virtual Environments, have not yet been fully 

explored. A lot of research is being conducted in this área with the aim of defining new 

frameworks to support computer-based simulations of virtual worlds inhabited by 

agents with varying degrees of intelligence. 
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The study of intelligent agents in Virtual Environments is a new, emerging and 

multidisciplinary área, called Intelligent Virtual Agents (IVAs). An IVA is an 

autonomous agent in a computer-based 3D simulation or virtual world, which interacts 

intelligently with its environment, with other agents and with human users. 

According to the above-mentioned MAS definition by Jennings [Jennings 98a], , if a 

system is composed of múltiple (semi-)autonomous IVAs, then it can be considered as a 

Multi-Intelligent Virtual Agent System (mlVAS). 

mlVAS are a special kind of MAS that, according to Ferber's definitions, can be 

considered as Situated MAS. Currently, mlVAS are employed in a variety of áreas, 

mainly relating to simulation, entertainment and education, where embodiment and 

believability are of crucial importance. Sophisticated simulated environments have been 

built where agents are endowed with human-like appearance or behaviour. 

While some years age the aim of agent perception was just to seek information from the 

environment, requirements have changed and, currently, a wide range of realistic 

simulation applications have been developed, mainly for training purposes, requiring a 

relatively high-fidelity perception model. Development of such realistic models has 

beén identified as very important for Computer Generated Forces (CGFs), which are 

computer-simulated, semi-intelligent troops that can autonomously perform their task in 

a scenario. Some authors agree that a greater emphasis must be placed on developing 

realistic and human-like models of perception, cognition and motor behaviour [Hill 

99a], [Hill 99b]. Pew [Pew 98] recommends as a top short-term goal to improve 

situation awareness modelling: "include explicitly in human behaviour representation a 

perceptual "front end" serving as the interface between the outside world and the 

internalprocessing ofthe human behaviour representation." 

Recognising this gap, the aim of this dissertation is to endow each of the IVAs that 

compose a mlVAS with a human-like perception model. For this purpose, we had to 

study how human beings not only perceive but also process the information which is 

coming from the environment. In the following section, we will analyse human 
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information processing and will determine the relation between perception and 

cognition. 

2.4. HUMAN INFORMATION PROCESSING 

Let US consider a general system, characterised by its inputs, outputs, and a coupling 

between both. Depending on the ease with which this coupling can be modified, this 

system can be classified as [Strube 01]: 

• Non-Cognitive: Systems that use a developed inflexible coupling between inputs 

and outputs, which cannot be altered through leaming (e.g., amoeba). 

• Cognitive: Systems that use a flexible couphng between inputs and outputs, that 

may be modified through experience and lets the system choose between 

different altemative behaviours. 

Consciousness plays an important role in cognitive systems because consciousness can 

be understood as a model that acknowledges what is being perceived and thought about 

the world. Consciousness is the cognitive process by which mental try-outs are 

performed; the contents of consciousness are a model of the world and a model of us 

acting in that model of the world. 

The same system could also be classified according to the way it receives information 

from the world as: 

• Sensory System: Only the results of sensory processing are conscious. 

• Non-Sensory System: Inputs to consciousness are the result of non-sensory 

processing. 

In this dissertation, we are going to focus on agents as cognitive and sensory systems, 

where agents are processing the information that they can gather from the environment 

by human-like sensors. 

Cognition can be defined as -."The mental operations required to understand and learn 

new information; to analyse, identify, and categorise stimuli; to salve problems; to 
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remember previousfy learned information; and to formúlate, organise, and express 

ideas" [Greene 02]. Generally, cognition involves the foUowing important elements: 

• Knowledge Acquisition: How we select information, process it so that we 

comprehend it, and store it so that it may be used at a later time. 

• Knowledge Representation: Once knowledge is acquired, it must be 

stored or represented in memory in some way if it is to be useful. 

• Knowledge Use: How we remember information and apply what we 

know to sol ve problems and produce answers to questions. 

In cognitive systems, information is considerad to be processed according to the 

foUowing diagram (Figure 6) [Cognition 02]: 

Thought 
Decisión 
Making 

Working 
Memory 

Long Térm 

Memory 

feedback 

Figure 6 Information processing 

Where: 

Sensory registers store the information that the human sense receptors (eye, ear, 

nose, tongue, skin) pick up from the environment. Generally,there is ene for 

each sense and they are characterised by having a short duration (1-2 seo). 

Perception, in sensory systems, is the process by which the consciousness 

integrates all the sensory stimulation about objects, facts, events or situations, 

which ittransforms into usable experience [Perception 02]. 

The working memory (WM), also called short-term memory (STM), is a mental 

workplace - conscious thought - with limited capacity and limited duration once 

attention is shifted to something else. We move information from the sensory 

information store (sensory register) to working memory by paying attention to it 
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(selective attention). Our attention is guided by prior knowledge, (i.e., what our 

goals are, or what is important, etc.) 

• Long-term memory (LTM) is the long-term store of information with unlimited 

capacity. It may be permanent depending on the strength of the memory item 

and associations. The strength of memory is a function of some factors hke 

frequency, whether it happened long age and importance. Associations are an 

important factor as well: the more associations, the better the recall. Forgetting 

can be understood as a consequence of having a lew strength of memory and 

few associations. According to B. Greene's classification of knowledge, there 

are different types of knowledge (or "leamed capabilities") in LTM [Greene 02]: 

a) Declarative knowledge: Representation of the domain and problem context. 

It comes in two levéis of cohesiveness: 

• Isolated facts and information: Meaningless bits of information that have 

little connection to other things we know. 

• Meaningful information: Bodies of knowledge organised around a 

central theme or topic (also called schemas). They are interconnected in 

some logical or pragmatic fashion. Goetz, Alexander and Ash described 

a schema as, "a knowledge structure that represents our understanding 

of an ohject or event as a set of relationships among concepts" [Goetz 

92]. 

b) Procedural knowledge: A set or a series of interconnected actions that 

combine skills and/or strategies to produce a particular result or condition. 

c) Metacognitive knowledge: Statement relating to general knowledge and 

skills and showing awareness, self control, and self regulation of leaming. 

Looking at Figure 6, it is not hard to see that, in cognitive theories, there is an important 

link between perception and cognition. Perception is not a passive recording of sensory 

stimulation; the input is filtered, transformed, filled in, and joined to other inputs to 

build a consistent, stable world. Perception compares incoming data to knowledge 

stored, making a decisión and responding to this selection. 

Situation awareness plays a central role in cognition, which spans the entire spectrum of 

cognitive activities, from perception, such as lower-level visión activities, to high-level 

cognition, such as understanding, reasoning, and decisión making. Endsley defines 
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situational awareness as "The perception of the elements in the environment within a 

volunte ofspace and time, the comprehension oftheir meaning, the projection oftheir 

status into the near future, and the prediction of how various actions will affect the 

fulfillment of one's goals" [Endsley 95] Notethat in this paper, this is Endsley's 

definition of situational awareness. In a later e-mail, she then refers to it as situation 

assessment. So, the critical factors in the process of situation assessment are: 

o Perception-acquiring the available facts 

o Comprehension-understanding the facts in relation to our own knowledge of 

such situations 

o Projection-envisioning how the situation is likely to develop in the future, 

provided it is not acted upon by any outside forcé 

o Prediction-evaluating how outside forces may act upon the situation to affect our 

projections. 

It is important to note that these four stages do not follow a static sequence like a flow 

chart. In developing a situation assessment, we do not necessarily follow the neat flow 

from perception, through comprehension, then projection, and finally prediction. These 

stages occur simultaneously, given the speed with which our minds work. As we 

perceive the Information, we are already processing it for comprehension and its 

implications for our purposes. And this process gees on continuously, so that our 

situational awareness evolves continuously as well. We then use the results of our 

situation assessment to develop a mental model (psychological representation of the 

environment and its expected behaviour) and that mental model represents our 

situational awareness. The mental model is inherently subjective, based on integrating 

acquired Information with our own personal structural and situational factors. Structural 

factors include: training, experience, culture, personality, interests, and skill level. 

Situational factors include things such as mood, fatigue, stress, time pressure, and the 

complexity and ambiguity of the situation. The quality of our situational awareness may 

be characterised by the degree to which our mental model - our situational awareness-

"accurately" reflects objective reality. 

The Levéis of Processing framework was presented by Craik & Lockhart in 1972 [Craik 

72] as an altemative to theories of memory that postulated sepárate stages for sensory, 

working and long-term memory. According to the Levéis of Processing framework, 

stimulus information is processed at múltiple levéis simultaneously depending upon its 
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characteristics. Furthermore, the "deeper" the processing, the more meaningful it is to 

US, and it will be easier for us to remember. Processing of information at different levéis 

is unconscious and automatic unless we pay attention at that level. For example, we are 

normally not aware of what we have in working memory, unless we are asked to 

specifically identify such information. Other theories related to levéis of processing are: 

• The Dual Coding Theory [D'Agostino 77], The dual coding theory assumes that 

there are two cognitive subsystems, one specialised for the representation and 

processing of non-verbal objects/events (i.e., imagery), and the other specialised 

for dealing with language. This theory also postúlales two different types of 

representational units: "imagens" for mental images and "logogens" for verbal 

entities. Logogens are organised in terms of associations and hierarchies, while 

imagens are organised in terms of part-whole relationships. The Dual Coding 

theory identified three types of processing: (1) representational, the direct 

activation of verbal or non-verbal representations, (2) referential, the activation 

of the verbal system by the nonverbal system or vice-versa, and (3) associative 

processing, the activation of representations within the same verbal or nonverbal 

system. A given task may require any or all of the three kinds of processing. 

• The Modes of Leaming Theorv [Rumelhart 78]. This theory proposes that there 

are three modes of leaming: 

o Accretion: The addition of new knowledge to existing memory. It is the 

most common form of leaming. 

o Stracturing: It involves the formation of new conceptual stmctures or 

schema. It occurs much less frequently than accretion and requires 

considerable effort. 

o Tuning: The adjustment of knowledge to a specific task usually through 

practice. It is the slowest form of leaming and accounts for expert 

performance. 

In 1981, Rumelhart & Norman [Rumelhart 81] extended their model to include 

analogical processes, which are more relevant to the problem-solving task itself. 

• The Soar architecture [Laird 87], [Rosenbloom 91], [Rosenbloom 93]. The 

principal element in Soar is the idea of a problem space: all cognitive acts are 

some form of search task. Memory is unitary and procedural; there is no 

distinction between procedural and declarative memory. Chunking is the 

primary mechanism for leaming and represents the conversión of problem-
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solving acts into long-term memory. The occasion for chunking is an impasse 

and its resolution in the probiem solving process (i.e., satisfying production 

rules). Soar exhibits a variety of different types or levéis of leaming: operators 

(e.g., créate, cali), search control (e.g., operator selection, plans), declarative 

data (e.g., recognition/recall), and tasks (e.g., identify probiem spaces, 

initial/goal states). 

An example of the Soar architecture is Steve (Figure 7). Steve is a pedagogical agent 

(Soar Training Expert for Virtual Environments) that supports the leaming process for 

training and education [Rickel 99a], [ Rickel 99b], [ Rickel 00], [Rickel 01]. 

Figure 7 Steve demonstrating a task 

Steve consists of three main modules: perception, cognition, and motor control (Figure 

8). All of these modules communicate with each other by message passing (via the 

message dispatcher). The perception module monitors messages from the message 

dispatcher and identifies events that are relevant to Steve, such as actions taken in the 

virtual worid by people and agents, and changas in the state of the virtual world, 

regardless of bis current location or state of attention. The cognition module interprets 

the input it receives from the perception module, chooses appropriate goals, constructs 

and executes plans to achieve those goals, and sends out motor commands to control the 

agent's body. The cognition module is built on top of Soar [Laird 87], [Newell 90], 

which is intended as a general architecture for cognition; most of Steve's cognitive 

capabilities are implemented in Soar production rules. The cognition module sends a 
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message to the perception module when it is ready fQr an update on the State of the 

virtual world; the perception module responds with a snapshot of the state of the world 

and a set of important events that occurred since the last snapshot it sent (e.g. actions 

taken by people and agents). The cognition module also sends motor command 

messages to the motor control module. The motor control module decomposes these 

motor commands into a sequence of lower-level commands that are sent to other 

components vía the message dispatcher. 

Figure 8 Steve's Architecture 

The Model Human Processor (MHP) [Card 83], illustrated in the diagram below 

(Figure 9), is probably the most referenced model of human Information processing. 

Long Term 
. . . . , t 

Sensory 

Buffers 

Eyes Ears 

Figure 9 The Model Human Processor (MHP) 
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The Model Human Processor represents a behaviourist view of a person, one in which a 

person responds to a stimulus. Little emphasis is placed on intemal cognitive processes, 

cultural knowledge, or the context of use of a tool or system. This model is an 

intentionally simplified model of human performance, intended to provide gross 

predictions of system behaviour. Moreover, this model focuses on the individual alone 

by targeting the Information processing capabilities of the individual. That is, the MHP 

does not consider a user in any social or cultural context. Rather, a person is described 

in terms of a set of memories and processors, as well as a set of principies ("principies 

of operation"). Memories include sensor memories, small buffers holding Information 

sensed from the environment before the data are symbolically encoded, and short-term 

(working) and long-term memory stores, which hold symbolically encoded Information. 

Processors refer to systems that act on sensed data. They can be divided into the three 

interacting subsystems in the MHP: 

• The perceptual system, which includes all of our sensors and their associated 

buffer memories (such as our visual sensors and its associated buffers). 

• The cognitive system, which receives symbolically encoded information from 

sensory stores and its working memory, and responds using information from 

our long-term memory 

• The motor system, which carnes out responses to the cognitive system 

To summarise, the MHP describes human interactions as cycles of sensing and reacting 

to data, excluding any consideration of context or accumulated knowledge. The ultímate 

goal of this model is to provide estimates of human performance. 

The GOMS techniques, [John, 90], [John, 95], [John, 96a], [John, 96b] are, at least 

partially, based on the Model Human Processor (MHP). GOMS is an acronym that 

stands for Goals, Operators, Methods, and Selection Rules, the components of which 

are used as the building blocks for a GOMS model. Goals represent the goals that a user 

is trying to accomplish, usually specified hierarchically. Operators are the set of atomic-

level operations with which a user composes a method to achieve a goal. Methods 

represent sequences of operators, grouped together to accomplish a single goal. 

Selection Rules are used to decide which method to use to achieve a goal when several 

are applicable. The components of GOMS map to MHP in one form or another. For 

instance, control in the MHP is central to the cognitive processor, where method and 

selection rule execution is assumed to take place. Likewise, the execution of operators 
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can be seen as the issuance of commands by the cognitive processor to the other 

components. 

Executive Process-Interactive Control (EPIC) [Kieras 95] is an executable model of 

human performance that has been used to predict performance in multi-modal high-

performance tasks. This system requires a specific simulation environment that can be 

programmed to reproduce the specific layout of a user interface, being able to handle 

very lew level sensory information. 

A cognitive modelling framework, callad COGNET (Cognition as a Network of 

Tasks)[Le Mentec 02], [Das 00] was developed to build models of human operators in 

specific real-time multi-tasking domains [Zachary 92], It has proven highly useful in 

analysing complex work domains, such as air traffic control [Seamster 93], telephone 

operators [Ryder 98], and more recently in the Advanced Embedded Training System 

(AETS) [Zachary 98a]. The AETS is a large simulation-based intelligent tutoring 

system that works in combination with an embedded mission simulation capability. In 

AETS, COGNET was used to develop keystroke-level cognitive models of human 

workstation operators engaged in an air-defence problem as carried out in a command 

and control centre on a US Navy destróyer. AETS, developed jointly with Lx)ckheed 

Martin for the US Navy, is intended to provide team training for a team of watch 

officers using their operational watchstations in a 'war-game simulation' mode. 

COGNET is based on a theoretical model of human information processing. This model 

posits a specific organisation of information processing resources or mechanisms, and a 

corresponding organisation of knowledge for execution by those mechanisms. The 

information processing mechanisms and their architectural relationships are summarised 

in Figure 10. Each of these essentially parallel processes (sensory/perception, cognition, 

and motor action) operates according to well-defined principies. These principies of 

operation then define the kinds and structure of knowledge that is used by each 

component. The knowledge representation is detailed in [Zachary 98b]. In summary, 

there are four sepárate types of knowledge used by the four architectural components: 

• The first knowledge type is procedural knowledge, which is organised into 

cognitive tasks, which are structured as a hierarchy of goals and sub-goals, using 

a GOMS-related notation [Card 83]. 
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The second knowledge type is a declarative knowledge representation of the 

domain and problem context. This declarative knowledge is represented in 

COGNET as a multi-panel blackboard structure, e.g., as described in [Nii 86], 

which is hierarchically organised into panels and levéis that contain individual 

symbolically represented facts with specific attributes and attribute valúes. 

Moreover, this declarative knowledge is maintained in the extended working 

memory and is accessible to all the cognitive tasks via the cognitive processor, 

which can both access (i.e., read) and modify the declarative knowledge in the 

extended working memory. 

The third kind of knowledge is used by the perception process, which is 

responsible for intemalising the events occurring in the extemal world by 

transforming them into symbolic declarative knowledge and placing them on the 

extended working memory blackboard. This perceptual knowledge is mediated 

by perceptual demons that react selectively to specific types of extemal events 

and post appropriate symbolic entries (i.e., hypotheses) on the blackboard. 

The fourth kind of knowledge is processed by the Motor Action process. Action 

knowledge is invoked directly from the Tasks in the cognitive layer. It encodes 

the physical knowledge needed to opérate the physical system (e.g., hands, 

voice) to implement well-defined but symbolically specified action goals (e.g., 

select object on the screen). 
Extemal World (Simulator) 

Figure 10 Information Processing in COGNET 

But not all Information processing theories are related exclusively to cognitive models. 

For example, in 1998, Strube [Strube 98] presented a three-level framework for action 

control in humans, which, nevertheless, may be useful as a theoretical framework for 
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organising work on modelling both cognitive and non-cognitive management of goals 

and control of action. The framework consists of three levéis of control (Figure 11), the 

lowest of which is non-cognitive physiological regulation and reflexes. The highest 

level is sjmibolic-cognitive regulation. A second cognitive level, the level of stimulus-

driven associative regulation and activation of action schemata, is sandwiched in 

between. 

xz^r^% 

U. 

^TJ^T'' 

Figure 11 A three level framework for action control 

In this section, we have analysed some cognitive theories, as well as the relationship 

between perception and cognition. We have described where perception is placed and 

what role it plays in cognitive models. 

In the next section, we are going to provide an overview of some of the research that has 

been carried on agent perception, focusing on agents inhabiting interactive virtual 

worlds. 

2.5. PERCEPTION IN AGENTS AND IVAS 

Agents can inhábil a variety of environments, depending on the purpose of the 

application for which they were developed. Balcisoy [Balcisoy 01] considers IVAs as 

computer models of people that can be used for embedding real-time representations of 

ourselves or other Uve participants in virtual environments. They also can be used as 

substitutes for human beings in ergonomic evaluations of computer-based designs, such 

as machine tools. One of the most important characteristics of IVAs is the ability to be 
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aware of the current situation of the environment where they reside and opérate. 

Situation awareness plays a central role in cognition. 

Interactive virtual worlds combined with agents or mlVAS offer an exciting new tool 

for entertainment, education and training. In the last few years, this new technology has 

experienced exciting progress, but virtual agents still have a limited range of 

capabilities. These kinds of systems have an important "physical" component where 

agents perform their tasks. Agent perception in this kind of systems has to be mainly 

sensorial, providing the agent with knowledge about its "physical" surroundings. 

According to the agent's sensory requirements, we can classify agent systems as 

sensory systems and non-sensory systems, and MAS as sensory MAS and non-sensory 

MAS. 

An agent in a sensory MAS has Information about the position of other agents and, 

therefore, according to Ferber's above-mentioned terminology, , a sensory MAS is a 

situated MAS; however, a situated MAS is not always a sensory MAS. 

According to Tu and Terzopoulos, in sensory systems, the agent (human or artificial) 

not only sees and feels but looks and touches, i.e. perception is an active process of 

seeking Information from the environment [Tu 94a], [Tu 94b], [Tu 94c], [Terzopoulos 

94]. This idea originated in human psychology, especially as formulated by Gibson 

[Gibson 50], although it was introduced as active perception some years later [Bajcsy 

85], [Bajcsy 88]. 

Tu and Terzopoulos [Tu 94a], [Tu 94b] introduced vision-based perception for fishes. 

In [Terzopoulos 95], Terzopoulos and Rabie propose a new paradigm for active visión 

research. Their software prescribes artificial animáis, situated in physics-based virtual 

worlds as autonomous virtual robots possessing active perception systems. The animáis 

autonomously control their eyes and muscle-actuated body, applying computer visión 

algorithms to continuously analyse the retinal image streams acquired by their eyes in 

order to locomote purposefully through their world. By emulating the appearance, 

motion and behaviour of real fishes, these animáis are capable of building spatial non-

uniform retinal images, stabilising retinal images, recognising coloured objects, and 

navigating guided by perception. The authors attempt to re-model biological visión 
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systems, based on 2D image processing, in order to make their results useful for 

robotics. 

Another example of artificial perception is the ALIVE system, created by Blumberg 

[Blumberg 97], where an autonomous animated dog was endowed with synthetic 

sensors in order to interact with its environment. 

The fundamental idea of the synthetic visión implementation is the foUowing: a creature 

has a "visión" sensor, with a field of view of 90 degrees, which renders the scene using 

a graphics camera mounted at the position and orientation of the sensor. The resulting 

rgb image is extracted from the framebuffer and used as input inte whatever perceptual 

mechanisms the creature possesses. 

Most of the studies carried on perception in IVAs are focused on visual perception 

[Noser 95 a], [Thalmann 95b], [Terzopoulos 97]. Although visión is the most analysed 

sense, IVAs can perceive information from the environment not only through visual 

sensors, but also by auditory sensors [king 95], allowing a virtual acoustic localisation 

and pursuit analogous virtual visión. 

A general methodology to produce synchronised sound tracks for animation is described 

by Tapio Takala and James Hahn [Takala 92]. A sound world is modelled by 

associating a characteristic sound for each object in a scene. It is described with a sound 

event file, and is rendered in two passes. First, the propagation paths from 3D objects to 

each microphone are analysed and used to calcúlate sound transformations according to 

the acoustic environment. In the second pass, the sounds associated with objects are 

instantiated and added to the final soundtrack. Real-time software sound rendering is 

only possible for simple sound environments. 

Important contributions to the field of auditory virtual environments have been made by 

Blauert and Lehnert. Blauert describes the psychophysics of human sound localisation 

[Blauert 83a], [Blauert 83b] and Lehnert [Lehnert 94] reviews the fundamentáis of 

auditory virtual environments and discusses the needs of real-time implementations. 

Blauert's classic work on acoustics was focused on the physical mechanisms and 
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limitation of sound localisation. This revised edition [Blaueit 96] adds new theoretical 

ideas that describe developments in such áreas as auditory virtual reality (based mainly 

on the physics of spatial hearing), binaural technology (modelling speech enhancement 

by binaural hearing), and spatial sound-field mapping. In this research, Blauert defines a 

new discipline that he calis "Binaural Technology". To give an understanding of this 

new discipline, he explains a binaural experimental concert: a home computer, with 

audiophile calibre software, that can genérate any acoustic space, compénsate for our 

own personal pinna shape, position virtual sound sources, precisely compénsate for 

loudspeaker positioning errors, etc. Blauert describes the parpóse of an experiment in 

binaural concert hall simulation as foUows: "The results of auditory tests, in which the 

real and simulated binaural signáis were compared, led to the following conclusions. 

Binaural room simulation is able to evoke auditory perceptions that are regarded as 

being authentic even by critical listeners",..., "Applications based on the physics ofthe 

external ear have established themselves as an important basis for a novel enabling 

technology, binaural technology. Spatially static acoustic scenarios can be represented 

with sufficient authenticity, even very complex ones, such as the acoustics ofa concert 

hall." 

An experience of a real-world auditory environment through simulations is known as 

Auditory Virtual Space(AVS). AVS "means the ability to experience a real world 

auditory environment through simulations presented over loudspeakers or headphones" 

[AVS 03], for example, being able to experience listening to a concert at Orchestra Hall, 

while sitting in the living room or while dreaming in bed. Both the computer 

simulations and the listening environment developed allow the user to vary many 

aspects of a real-world acoustic environment in order to better understand sound 

processing. The basic system enables sounds to be presented over headphones (or 

loudspeakers) in such a way that most listeners perceive the sounds as if they were 

occurring in a real-world space. The system can control many variables like the 

interaction between head movements and a sound location or the location and the 

number of echoes of a sound. 

In COGNET, the role of the perception mechanism is to transfer the data obtained from 

the externa] world to the cognitive processor. In the initial versión of COGNET, this 
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role was played by model components designated as 'demons,' which basically 

converted the input data into the symbolic format used by the cognitive model, paying 

little attention to modelling the human perception mechanisms. In following versions of 

COGNET, the perception layer was different from EPIC and MHP [Le Mentec 02]. 

They assume that the models opérate in a discrete and symbolic world. AU information 

in this world can be represented as objects (in the sense of object-oriented design) that 

contain the appropriate numerical or symbolic valúes. Each type of extemal object is 

associated with a perceptual function (or method) that is called whenever an extemal 

object is made available by the simulator. These functions identify the perception model 

for the particular type of object being perceived. They can access specifíc resources (eye 

position, for example) and introduce a delay for the propagation of information to the 

cognitive layer. 

This new approach, called "simulator-centric", is the perspective of most human 

perception models. Unlike MHP or EPIC models, perceptual images may be stored in 

extended working memory here. The perceived objects are stored in dedicated portions 

of extended working memory (the blackboard), and then used in cognitive processing 

by the cognitive tasks. A sensory resource (visual or auditory) can query all the objects 

in its range, compare the result to expectations and interference to determine which of 

them are likely to reach extended working memory in any perceptual cycle (Figure 9). 

A working memory moderator accounts for the limited perceptual bandwidths and the 

decay of perceptions. By acting on the working memory, providing a forgetting 

mechanism, this memory moderator can impose constraints on the number of elements 

that can be stored in specified parts of working memory. Modelling of sensory 

distortion and limited sensory resources are handled by some perception functions, 

which determine the delays of perceptions. 

COGNET provides a specific theory of perception for the visual, auditory, or tactile 

sensory channels, and proposes a generic architecture that lets the programmer 

implement the desired level of abstraction. 

IVAs have been developed with very varied aims and features, and, for this reason, 

perception in those agents has been modelled in diverse ways, depending on what they 
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were designed for. This perception can be focused on implementing the processing of 

sensory inputs or the cognitive process. 

Sensory inputs can be implemented in different ways. Some people use virtual sensors, 

like visual, tactile and auditory sensors. These sensors have been used as basic factors 

for implementing everyday human behaviour [Thalmann 96], [Thalmann 01], such as 

visually directed locomotion, handling objects, and responding to sounds or images. 

Relying on a set of onboard virtual sensors to gather information about the dynamic 

environment, it is possible be aware of the world, but both the abilities and the 

limitations of animal perception systems, like, for example, the attention mechanism 

need to be modelled to achieve natural sensorimotor behaviours [Terzopoulos 99]. 

The virtual pilots described by Hill [Hill 99a], [Hill 99b] had no head or body; rather 

their perception was modelled as a set of visual sensors without concern for the 

appearance or control of the body. The goal of this application was to develop 

individual combatants, where virtual pilots were implemented in a distributed, 

interactive simulation called ModSAF. 

The virtual pilot was implemented in Soar and involved tasks such as flying in team 

formation while simultaneously foUowing a route plan and searching for enemy 

vehicles. These tasks require visual behaviours such as search, fixation, tracking, and 

grouping, which involve co-ordinating the virtual pilot's perception, cognition, and 

motor systems. Functional virtual pilots have taken the "attention" concept from 

humans. In humans, attention provides a way of limiting perceptual processing by 

focusing on specific visual objects or regions, and it provides a way for cognition to 

control perception by shifting the focus from one object or región to another. 

Furthermore, perceptual attention can be captured involuntarily, giving perception a 

way of alerting cognition to significant events in the environment. 

The virtual helicopter pilot was implemented in Soar, and all tasks in Soar are 

formulated as attempts to achieve goals in problem spaces. Each problem space consists 

of a set of States and a set of operators, states representing situations and operators 

representing actions. Operators can perform primitive actions that modify the intemal 

State and genérate primitive extemal actions, or they can perform arbitrarily complex 
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actions, sueh as executing a mission. Operator selection, application, and termination 

are all dynamically determined by the system's knowledge. The basic processing cycle 

(Figure 12) is to repeatedly propose, select, and apply operators of a given problem 

space to a state. 

Perception 

Inout Phase I 

Cognition i Motor 
Elaboration Phase" 

Decisión Phase 

Output Phase 

Figure 12 Soar decisión cycle [Hiil 99b]. 

As for the implementation of the cognitive process of perception, research has focused 

on implementing just one factor (as i.e. attention) or a part of the cognitive process (i.e. 

recognition or leaming) or, even, proposing a cognitive modelling architecture like 

COGNET (detailed above). Accordingly, the techniques employed for implementing the 

cognitive process of perception are: 

• Techniques for constructing truly cognitive systems [CogVis 03]. Cognitive Vision 

Systems (CogVis) is a project sponsored by the European Union IST-2000-29375. 

The objective of this project is to provide the methods and techniques that enable 

construction of visión systems that can perform taslc-oriented categorisation and 

recognition of objects and events in the context of an embodied agent. Cognitive 

visión systems include facilities for understanding, knowing and leaming. 

Understanding implies an ability to genérate an explicit description of the 

perceived world in terms of objects, structures, events, their relations and dynamics 

that can be used for action generation or communication. Knowing implicitly 

specifies a need to consider memory as a common basis for representation and 

maintenance of information, including methods for associate access. Leaming 

implies an ability to genérate open-ended models and representations of the world. 

That is, the model of the system and its use cannot be based on a closed world 

assumption, but rather on a model that allows automatic generation of new 

representations and models. Cognitive visión only makes sense in the context of a 
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system where there is a user that provides task information and which uses the 

information generated by the system. In addition a fundamental assumption is that 

such systems are embodied so that they interact with the world and have the 

potential for interaction with the world using active visión, manipulation or similar 

facilities. 

Cognitive mapping techniques. As humans "see" the places they visit with some 

precisión, these techniques provide us with a description of each local space visited. 

While cognitive mapping has been examinad in the context of mobile robotics, very 

little work has been done to enable virtual humans to build and use cognitive maps. 

An example of this work is the cognitive mapping technique implemented by Hill 

et al. [Hill 02a] [Hill 02c]. Their implementation is based on a computational 

framework proposed by Yeap et al. [Yeap 99] that represents a local environment 

as a structure called an Absolute Space Representation (ASR). Building an ASR 

involves perceiving the environment, which is the área immediately surrounding 

the viewer, building up a mental model of the space and computing the boundaries -

that prohibit movement through the space - and exits - gaps in the boundaries that 

permit the agents to leave this space. The cognitive mapping algorithms used are an 

extensión of those presented by Yeap et al. [Yeap 99]. Hill has applied this 

theoretical computational framework of cognitive mapping to a training application 

that includes virtual humans in a virtual environment. This cognitive mapping is 

done in the urban environment of the Mission Rehearsal Exercise [Swartout 01]. 

Cognitive mapping is not limited to places that have been physically explored. 

Virtual humans maps the environment by continuously perceiving a scene, 

constructing a sketch of the surfaces and building a local map. This local map is 

connected with other local maps that have been constructed while exploring the 

virtual town. Instead of focusing on only the immediate surroundings. Virtual 

humans gather information about other regions perceived through the exits in the 

local environment and, therefore, virtual humans build cognitive maps in 

anticipation of the next space they will enter. To do this, agents perceive through 

the exits in the local environment and construct the new ASRs before the áreas are 

visited. 

Neural networks techniques to recognise and predict pattems of behaviour [Hill 

02b] within specific applications, for example, to direct the virtual helicopter pilot's 
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gaze when searching for a target to be reacquired [Hill 02b]. In this application, the 

neural network functioned in concert with the perceptual model already 

implemented in the virtual pilot [Hill 99b], having a hybrid system that combined 

neural networks with the perceptual model and the symbolic reasoning capabilities 

of a Soar agent [Hill 98],[Hill 99a]. 

• Models of visual attention for virtual humans are proposed by Chopra-Khullar and 

Badler [Chopra 01] and Randall Hill [Hill 99b]. Chopra's work, based on human 

psychological research, specifies the types of visual attention that are required for a 

variety of basic tasks (e.g., locomotion, object manipulation, and visual search), as 

well as the mechanisms for dividing attention among múltiple such tasks. In the 

Soar Virtual Pilot, Hill also focuses on providing a model of perceptual attention 

for virtual humans in a sjmthetic battlefield. 

2.6. CONCLUSIONS 

Perception must be a part of any human Information processing model. If the aim of our 

research is to endow IVAs in mlVAS with a perceptual model, it is important to give an 

overview not just of the human information processing models but also of the agent's 

perception models and techniques developed up until now. 

We had to choose one of all the architectures described throughout this section as a 

starting point for inserting the agent perceptual model. The reasoning we followed to 

make this decisión was as foUows. Logic-based architectures use a symbolic 

representation and we do not, because we think that they are far removed from our 

approach and our method of working. Belief-Desire-Intention architectures are based on 

human reasoning theory and most of the agent systems using this model have, unlike 

our model, a strong reasoning component. Deliberative and Reactive architectures are 

generally goal-driven and reaction-driven, respectively, and, therefore, neither such 

architecture is appropriate as a starting point for our purposes. Hybrid architectures 

combine deliberative and reactive architectures and were, consequently, discarded. 

Practical reasoning architectures are based on pragmatic reasoning, which our 

perceptual model does not provide. However, layered architectures are characterised by 

their simplicity and flexibility, which were the most significant reasons for their being 

chosen for our purposes. 
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Like the human information processing models described throughout this chapter, we 

are going to focus on cognitive sensory systems where agents are processing the 

information that they can gather from the environment through human-like sensors. 

Moreover, our agents will perceive the environment actively (following the defínition 

by Tu and Terzopoulos of active perception) and, therefore, our studies will addresse 

cognitive active sensory systems. With regard to these systems, we will focus on the 

process of perception - understood as data acquisition - of the environment. This 

process of perception can be understood as the first level of a situational awareness 

model - like Endsley's situational awareness model mentioned in this chapter. 

In this chapter, we also gave an overview of different implemented perceptual models in 

agents and IVAs. Most of these models use different methods and techniques. However, 

none of these models has concentrated on determining when an object can be perceived 

by an agent as it would be perceived by a human being placed at the same position. This 

is the aim of the perceptual model that we have been developing and now present in this 

dissertation. 
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Working Hypothesis 

It is fundamental for an agerú to have "knowledge" about its surroundings. This 

knowledge is gathered through agent perception, which provides the agent with an 

awareness of its environment that will be embedded at all times in the agent's intemal 

representation of the environment. 

For some applications of human-like embodied agents, it would be valuable to have 

more formal, more (physically and physiologically) 'realistic' and more 'believable' 

models of perception across a range of media. This means introducing a higher level of 

coherence between people in real life, active agents and semi-autonomous avatars in a 

virtual environment. 



WORKING HYPOTHESIS 

Our working hypothesis for improving such models is that the knowledge of a human-

like virtual agent about the surroundings should depend on and be limited by its 

perception, and its perceptual capabilities should faithfully resemble those of a human 

being. In human perception: 

• Each sense has a specific ability to sort out fine details, which is called "Sense 

Acuity". The most well known is Visual Acuity, which is a measure of the eye's 

ability to sort out fine detall and is dependent upon the person in question, the 

accommodative state of the eye, the illumination level and the contrast between 

target and background [Howarth 97]. By implementing this human factor in agent 

perception, an agent will be able to determine if it can perceive an object with a 

mínimum amount of detail (minimum clarity of perception) by calculating the 

object-agent distance. If the agent realises that the object is too far away to be 

perceived, it will not be aware of that object. 

• Clarity of perception is gradual, so there is an interval in the space between perfect 

and nuil perception. We cali this interval "Sense Transition Región" (STR). In the 

STR, perception is not clear, but it is possible to make something out. Virtual agents 

should exhibit this characteristic to prevent anomalous behaviours, such as what 

would happen, for example, if an agent were not aware of and could not interact 

with another agent that was inside the STR. 

• Individual differences affect the perception process. The process of perception 

selects, from an extensive focus that contains a lot of objects, only the objects in 

which we are interested. By introducing "Internal Filters" in agent perception, 

agents should be able to conduct their own process of selection through their focus, 

paying attention only to the objects in which they are interested. 

Our working hypothesis is based on three fundamental ideas: the signal processing 

model, Tu and Terzopoulos's active perception [Terzopoulos 94] and the human-like 

factors. This means that our agent will continuously be acquiring Information from the 

environment, trying to perceive as many details and objects as it can, and focusing its 

attention on the objects in which it is interested (according to its preferences and 
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intemal characteristics). So, our agent will be endowed with a kind of "human-like 

active perception". 

As mentioned in the previous chapter, we have selected a vertical layering architecture, 

like Nilsson's Triple Tower Model from a wide variety of entena for defining and 

classifying agent architectures. 

The agent's full architecture has three main blocks (Figure 1), representing agent 

perception, agent central processing and agent actions. We are going to focus 

exclusively on the agent perception block and on the feedback from the central 

processing block to the perception block. This component is concemed with modelling 

the agent's unique perception of its environment. 

S îrtual 
/ironment 

action to 
e Virtual 
ivironment 

Figure 1 Agent architecture 

The perception block operates concurrently with the central processing block, and some 

of the interpretations of the perceived data or some of the parameters of the agent's 

intemal model can in tum modify the perception process. 

The implementation of our model has another important goal, which is the optimisation 

of computational resources. Although most mlVAS systems have distributed 

perception, in which each agent is responsible for its own perception, our system will 

introduce a semi-centralised perception. Thus, an agent inside our model will be 

endowed with a " semi-centralised human-like active perception". 

This means that the agent will be responsible for just part of its own perception, while 

the system will be the responsible of the rest. In other words, there is a set of generic 
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and perceptual functions taking part in the process of perception of each and every 

agent. These functions are complemented with another set of functions, which are 

specific to each agent. 

The agent's perception will comprise three modules (Figure 2): Sensitive Perception, 

Attenuation and Infernal Filtering. 

Perceptjd'n 

Virtual 
Envíronment 

Sensitive 
Perception 

Attenuation 

Internal 
Filters 

Reoction to 
thc Virtual 
Envíronment 

Where: 

Figure 2 Modules comprising the agent's perceptual engine 

Sensitive Perception: It will simúlate the typical process of perception by which 

organisms receive sensations from the environment. Sensation usually refers to 

the immediate, relatively unprocessed result of the stimulation of sensory 

receptors in the eyes, ears, nose, tongue or skin. Sensitive perception depends on 

some relevant sensorial concepts (Figure 3): Human Factors -such as Visual 

Acuity, Lateral Vision and Visual Filters-; Physical Factors - such as the 

distance between the object and the position of the agent's sense (dsense-object)-; 

Object Factors; mdAdaptors 

Physical 
Factors 

Human Factors 

An Ol^ject ;:;; /biyeci:; 
inside the ; Factors 

Environment 

Perceptual Information 
about thc object in 

the Environment 

Figure 3 Sensitive Perception 
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Attenuation: In our research, the concept of attenuation refers to a measure of 

the reduction in sensitivity of perception - and therefore clarity of perception -

experienced by the agent. This attenuation will depend on several personal 

factors, but we are just going to focus on one of them here: attention. From a 

psychological point of view, attention is a selective functionality related to the 

subject's activation level, which depends both on the intemal status (such as 

tiredness, fatigue, etc.) and on any stimulating Information or event from the 

exhibits. From a computational point of view, a distinction can be made between 

two kinds of attention: physical and cognitive attention [Sarini 98], 

Psychological studies show that purely physiological attention decreases over 

time, while a measure of the cognitive attention can be given by a structural 

matching of the personal knowledge of the agent and the relevant facts related to 

the environment. In this research, we are going to concéntrate on only physical 

attention. 

Intemal Filtering: It will be based on human perception, where a person can 

have an extensive focus, containing a lot of objects, but really focuses his 

attention on only some objects that appeal to him. That is, he receives inputs 

from objects (he perceives the objects), but he is only aware of the ones in which 

he is interested. Selective perception acts as a filter that screens out non-relevant 

information. This screening process allows the user to concéntrate or focus on 

signáis that provide the information sought. The act of selective perception takes 

place within the Sensory Register of a cognitive model, and depends on 

intérests, past experiences, attitudes and beliefs, as well as the present situation 

or State of mind (Figure 4) [McCallum 95], [SelectivePerception 02]. All these 

factors are incorporated into the perceptual model through the feedback from the 

central processing block to the perceptual block. The inputs of the intemal 

filtering block are the sensitive perception module modified by the process of 

attenuation. 
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FRESENTSITÚA TION OS STATE OFMIND 

A TTITUDES AND BELIEFS 

PASTEXPERIENCES 

INTERESTS 
t " V 

INPUTS 

'^•IlltTERINCÍ' SELECTED 

INPUTS 

Figure 4 Internal Filtering 

In this chapter, we have detailed the working hypotheses of our perceptual model. As 

mentioned above, this perceptual model has been developed by extending a set of key 

awareness concepts introduced by a CSCW awareness model known as the Spatial 

Model of Interaction (SMI). In the next chapter, we will give an overview of some 

awareness models in CSCW, emphasising the SMI and its key concepts. 
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Theoretical Principies: 
Awareness in CSCW 

This chapter reviews the meaning of the term "awareness" in CSCW literatura, as well 

as some of the most well-known awareness models used in this kind of applications. 

Since, from all the awareness models presented throughout this chapter, we have 

selected the Spatial Model of Interaction as the basis for the model presented in this 

dissertation, this chapter will place more emphasis on this model and its 

implementations. The aim is to introduce the theoretical principies necessary to 

understand how we have introduced human-like perception into agents. 



THEORETICAL PRINCIPIES: AWARENESS IN CSCW 

4.1. WHAT IS AWARENESS IN CSCW SYSTEMS? 

CSCW (Computer Supported Co-operative Work) literature has been using the term 

awareness for the last decade [Lauwers 90], [Beaudouin-Lafon 92], [Panlíoke-Babatz 

94]. In fact, since this term was accepted in CSCW environments, it has been very often 

used in CSCW literature, and, consequently, a wide range of definitions can be found. 

Some of such definitions are: 

• "each user should be aware of what the others are doing, to facilitate 

coordination..." [Beaudouin-Lafon 92] 

• "an understanding ofthe activities of others which provides a contextfor your 

own activity" {Domish 92]. 

• "to be aware of the presence of other users and their access to the shared 

objects"[To\\msx95] 

• "The use ofimplicitly existing Information channels with the goal to capture past 

and present activities of co-operating partners in the current working context" 

[Rauschenbach 96] 

• "Low-effort, informal communication which allows people to stay aware ofthe 

activities of their colleagues and coworkers and provides the 'context' for work-

relatedactivities" [Smith 96] 

Pursuant to all these definitions, we can infer that the term "awareness" in CSCW 

literature is synonymous with "group awareness" or "co-operation awareness". In this 

kind of environments, the term awareness is related to the knowledge of the public 

activities of others. One particular case of CSCW environments are Collaborative 

Virtual Environments (CVEs). 

A CVE is a computer-based, distributed, virtual space or set of places. In such places, 

people can meet and interact with others or with virtual objects. CVEs may vary in their 

representational richness from 3D graphical spaces to text-based environments. 

In this dissertation, we are going to focas on agents that inhabit virtual environments. 

Therefore, even though we will give an overview of awareness in CSCW systems (next 

section), we are going to underline the approaches that have been applied to CVEs. 
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4.2. HISTORICAL OVERVIEW OF AWARENESS MODELS IN CSCW 

SYSTEMS 

Perhaps the most well-known awareness model for multi-user environments is "The 

Spatial Model of Interaction". This model was developed between 1991 and 1993 by 

Professor Steve Benford at Nottingham University's School of Computer Science and 

Information Technology, Lennart E. Fahlén at The Swedish Institute of Computer 

Science (SICS) and John Bowers at The Royal Institute of Technology (KTH) in 

Stockholm (Sweden). 

Most of the main concepts and ideas of this model emerged from a project, called 

COMIC, which was a three-year [1992-1995] basic research action to investígate 

techniques and develop tools for large-scale real-world CSCW application developers 

[Benford 94b]. This project aimed to examine and overeóme the practica! and 

theoretical problems limiting effective CSCW product development at that time. 

One such problem is that simultaneous interaction between all objects is not 

computationally manageable in any large-scale environment. For this reason, it is 

important to determine which objects are capable of interacting with which others at any 

given time. 

The Spatial Model of Interaction (SMI), as its ñame suggests, uses the properties of 

space as the basis for mediating interaction. It was proposed as a way to control the flow 

of information in the environment in CVEs (CoUaborative Virtual Environments). It 

allows objects in a virtual world to govem their interaction through some key concepts: 

níedium, aura [Fahlén 92], awareness, focus, nimbus, adapters [Benford 93a] and 

boundaries [Bowers 93] (all these concepts will be described, in detall, in later 

sections). This model provides a synchronous method of controlling how users and 

objects make themselves known to the world and how the world knows about them. In 

this model, users and objects have a focus, an aura and a nimbus. 

Another problem considered by the SMI is scalability in audio. They suggested that 

scalability could be supported through the principie of attenuation with distance. The 

Spatial Model of Interaction [Benford 94b] uses some spatial awareness techniques to 
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sepárate audio dialogues in virtual worlds. This model enables users to listen, 

selectively, to a conversation, by moving closer to a group of people, allowing the user 

to dynamically modify the level of audio from any particular source according to 

proximity and by changing the shape and dimensions of sound projection and sound 

perception for prívate conversations. 

Benford [Benford 94b] also introduced a very simplified, albeit useful, approach based 

on the concept of "awareness states" - different states of mutual awareness. This versión 

of the Spatial Model did not have to provide any specialised distributed architecture and 

emerged from assuming the foUowing hypothesis: 

• Aura coUision has already occurred and focus and nimbus are simple 

containment spaces, which can be represented by simple graphic objects of an 

appropriate shape. 

• An entity may or may not direct its focus or project its nimbus on the other. 

• Different objects or spaces might be associated with different awareness states 

There are altemative models of spatial awareness, for example, the cellular model 

[Macedonia 95]. In this model, each cell is aware of its inhabitants and broadcasts this 

information to each inhabitant. Information can also be broadcast to neighbouring cells, 

to track the movement of users between them. This is very similar to the way in which a 

mobile cellular phone network operates. For some applications involving constantly or 

frequently moving objects and users, dead reckoning can be used to predict position 

updates and changes in awareness levéis. Macedonia also proposes that cells do not 

necessaríly have to be spatial; thus we could have cells that are based on semantic 

relations or cells that are based on temporal relations. 

After some experimental implementation of the Spatial Model [Greenhalgh 94], 

MASSIVE-1 emerged as a "Model, Architecture and System for Spatial Interaction in 

Virtual Environments", an experimental distributed virtual reality system intended to 

support coUaborative activity [Greenhalgh 95]. 
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Between 1994 and 1996, the University of Nottingham continued working on awareness 

models. Some of the above-mentioned concepts were studied and redefined, for 

example, the boundary concept [Benford 94a]. 

Other research has been carried out on the basis of this model. Accordingly, Rodden 

developed a new model of awareness for Cooperative Applications [Rodden 96], and 

Greenhalgh [Greenhalgh 97] introduced "Third Party Objects" and developed 

MASSIVE-2, a distributed virtual reality system that aimed to support very large 

numbers of participants and to experiment with the Third Party Objects extensión to the 

Spatial Model. 

At that time, research on notification services for awareness within the CSCW 

community had tended to focus on the support of synchronous collaborative work. The 

term was used to refer to a variety of systems with very different behaviours and which 

provide notifications directly to users or only to applications or both. 

In 1995, while the University of Nottingham v̂ as working on the Spatial Model of 

Interaction, L. Fuchs caught on that the model described above provided awareness in 

synchronous communication, whereas it appeared to be more problematic to achieve 

visibility of asynchronous changes, and he started to investígate with the aim of 

overcoming this shortcoming [Fuchs 95]. 

His definition of awareness was concemed with the broadcasting of information about 

past and present activities of users and artefacts, based on semantic and contextual 

relationships. Also, in the real world, people's attention and focusing capabilities are 

highly unconscious and data driven, especially with well-leamt tasks. For example, a 

person's attention is Hable to be drawn when their own ñame is spoken or if they see a 

visually noticeable feature. Thus there is a semantic aspect to attention and focusing 

(and, therefore, local awareness) which overrides spatial considerations. Expecting 

users to either control attention or focus or have the machine select it for them is quite 

limiting and potentially confusing. This is an example where a real-world feature does 

not transíate to the virtual world. The virtual world is poor in sensory cues compared 

with the everyday world. 
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Sandor developed a reinterpretation of the Spatial Model of Interaction and its concepts 

in 1997 [Sandor 97]. The idea of this new model, called Aether {Awareness Engine 

THeory and Experimental Realization) is to remove the difference between 

synchronous and asynchronous communication. In this model, the relationships between 

tasks and the allocation of people to tasks is utilised to deduce what users need to know 

about which events. This is an example of model activation, where the model is utilised 

to channel the flow of awareness notifications, personalising them based on each user's 

participation in the process. The Aether model provides awareness-oriented cooperation 

Systems, where users coordinate their work based on the awareness of what each other 

are doing or have done, as opposed to the more traditional procedural-oriented 

workflow systems, where some model stipulates how the users should be coordinated. 

Another different application of the Spatial Model of Interaction is the QoS Architecture 

for Collaborative Virtual Environments, focusing on the management of streamed video 

within shared virtual worlds [Greenhalgh 99a]. This architecture maintains a balance 

between the needs of a group of users as a whole versus those of individual users within 

the group, and uses awareness valúes as part of dynamic QoS management. Users 

express QoS requirements by negotiating levéis of mutual awareness using the Spatial 

Model of Interaction. 

In 1999, W. Prinz [Prinz 99] developed an awareness environment for cooperative 

settings, called NESSIE, awareNESS envIronmEnt, which was part of the Social Web 

Research Programme [Hoschka 98]. The overall goal of NESSIE, as a component of the 

SocialWeb, is the enhancement of social and task-oriented awareness between people 

who cooperate or inhabit the same context through the provisión of a configurable 

awareNESS envIronmEnt that enables situated event and action notifications. The 

technical goal is the development of an infrastructure through which the events in an 

electronic environment can be captured, distributed and presented to authorised users in 

the appropriate situation. It is important that the event notifications are reciprocal, i.e. 

"whenlseeyou -you see me". NESSIE is not bound to a single application, but instead 

offers its services globally, across applications. 

In 2000, W. Prinz [Prinz 00] started a new project, called TOWER, Theatre Of Work 

Enahling Relationships. The aim is to enhance distributed teams with group awareness 
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and spontaneous communication capabilities cióse to those of co-located teams. 

TOWER provides awareness of collaborative activities of team members and their 

shared working context through symbolic presentations in a Theatre of Work. TOWER 

supports group awareness and chance encounters through a 3D environment which is at 

the heart of the Theatre of Work [Prinz 01], [Tower 02]. 

In recent years, the interest of this research área has switched to Ubiquitous Awareness. 

Although this trend is relatively recent, it has already been applied in several projects, 

like the TOWER project, the PRAVTA project [Gross Ola], [Gross 01b] or the City 

project [Izadi Ola], [Izadi 01b], [Chalmer 01]. 

The aim of the PRAVTA prototype was to develop a system that provides users with 

adequate awareness information at any time and in any place. The PRAVTA prototype 

covers the full range of potentially relevant awareness information. It can provide users 

with presence awareness, availability awareness, and task awareness about potential 

communication and cooperation partners. Users can customise the system in various 

ways. In particular, they can specify the type of information they want to receive (e.g., 

logins or full user ñames) and the type of presentation (e.g., lists, tables, icons). The 

PRAVTA prototype was implemented for WAP. It runs on small, mobile devices and 

offers an easy-to-use interface, where users can receive awareness information and enter 

information about their current status with only a few clicks. 

The City project within the Equator IRC project [Equator 02] treats the city and 

information in a way that deliberately blurs the boundaries between physical and digital 

media. The physical space of a street, building or room is just ene of the media that 

affords activity. One of the aims of this research is to weave digital information into the 

physical streets, buildings and artefacts that people use, and to do this in meaningful 

ways. From the awareness point of view, the main goal of this project is to establish 

partial three-way synchronous awareness between wearable hypermedia and VR 

visitors. 

Of all the awareness models presented above, we have chosen the Spatial Model for our 

purposes because it is abstract and open enough as to allow for the extensión and 
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reinterpretation of its main concepts to develop the desired perceptual model. This is 

why we are going to study it in depth in the next section. 

4.3. THE SPAXIAL MODEL OF INTERACTION 

The Spatial Model of Interaction, defined for application to any CSCW system where a 

spatial metric can be identified, has been driven by a number of objectives [Benford 

93a]: 

• Scalability: 

Scalability is based on the concept of aura. Each object has an aura for each 

médium (visual, audio, text...) in which it can interact, because the aura defines the 

volume of space within which this interaction is possible. The use of aura facilitates 

scaling to many users by limiting the number of object interactions that must be 

considered. This number will be govemed by the extent of the object auras and by 

the population density of the space. 

• Interactions: 

The Spatial Model of Interaction assumes a space populated by potentially 

communicating objects. These objects may represent anything: human users or data 

in a datábase, for example. The space itself may have any form, for example, a 

three-dimensional Cartesian space, an abstract higher-dimensional space or a graph. 

The Spatial Model of Interaction provides a framev̂ 'ork for these objects to manage 

their interaction, and communication between every pair of objects. A key 

component of this management of interaction is the use of the space itself. Thus by 

controUing their position, orientation, distance, etc., the objects are able to modify 

their interaction and communication [Greenhalgh 94]. 

The model itself defines five linked concepts: médium, awareness, aura, focus and 

nimbus (see Figures 1 and 2). These are extended by the additional concepts of adapters 

and boundaries. 

• Médium: A prerequisite for useful communication is that two objects have a 

compatible médium in which both objects can communicate. This médium might 

include audio, video, graphics and text. 

56 



THEORETICAL PRINCIPLES: AWARENESS IN C S C W 

Awareness: It is the main concept involved in controlling interaction between 

objects. It quantifies the degree, nature or quality of interaction between two objects. 

One object's awareness of anotlier object quantifies tlie subjective importance or 

relevance of that object. The awareness relationship between every pair of objects is 

achieved on the basis of quantifiable levéis of awareness between them [Benford 92] 

and it is unidirectional and specific to each médium [Benford 93a]. 

Aura: In 1992, Fahlén and Bowers defined aura as the sub-space which effectively 

bounds the presence of an object within a given médium and which acts as an 

enabler of potential interaction [Fahlén 92]. Once aura has been used to determine 

the potential for object interactions (see Figure 2), the objects themselves are 

subsequently responsible for controlling these interactions. "When two auras 

collide, interaction between the objects in the médium becomes a possibility" 

[Benford 93a]. 

Nimbus 

Observer 

IVledium 

Figure 1. Key concepts in Tlie Spatial Model of Interaction 

InteWction 

Aíira 

Figure 2. Colusión of two objects' auras 
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In each particular médium, it is possible to delimit the observing object's interest. This 

idea was introduced by S. Benford in 1993 as "The more an object is within yowfocus 

the more aware you are ofit" [Benford 93a], and it was called Focus. 

In the same way, it is possible to represent the observed object's projection in a 

particular médium. This área is called Nimbus: "The more an object is within your 

nimbus the more aware it is ofyou". 

Therefore, awareness between objeets in a given médium is manipulated via Focus and 

Nimbus, requiring a negotiation process. Considering, for example, A's awareness of B, 

the negotiation process combines the observer's (A's) focus and the observed's (B's) 

nimbus, In the words of Benford and Fahlén: "The level of awareness that object A has 

of object B in médium M is somefunction ofA 's focus on B in M and B's nimbus on A in 

M\ 

For a simple discrete model of focus and nimbus, there are tree possible classifications 

of awareness valúes when two objeets are negotiating unidirectional awareness 

[Qreenhalgh 97]: 

FulI awareness: The awareness that object A has of object B in a médium M is "full" 

when object B is inside A's focus and object A is inside B's nimbus 

(Figure 3). 

/ Médium (M) 

B'suimbus 

Figure 3. Full Awareness. 

Peripheral awareness: The awareness that object A has of object B in a médium M is 

"peripheral" when (Figure 4) object B is outside A's focus but 
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object A is inside B's nimbus, or object B is inside A's focus 

but object A is outside B's nimbus. 

Médium (M) 

Médium (M) 

Observer Object 

B's nimbus 

Figure 4. Peripheral Awareness 

No awareness: An object A has no awareness of object B in a médium M when object 

B is outside A's focus and object A is outside B's nimbus (Figure 5). 

Observer Objea 
(A) 

/ ' 
A's focus 

Médium (M) 

Figure 5. No Awareness 

In the Spatial Model of Interaction, an object can control its awareness in different ways 

[Benford 93a] by modifying its own auras, foci and nimbi: 

• Implicitly. 

o By moving and changing direction within the space and henee its 

auras, foci and nimbi. 

• Explicitly. 

o By directly modifying the parameters which define auras, foci 

and nimbi. 
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Some extensions of the Spatial Model of Interaction are Adapters, from Benford and 

Fahlén [Benford 93a], and Boundaríes, from Bowers [Bowers 93]. 

Apart from the above two mechanisms, an object's aura, focus, nimbus, and henee 

awareness, can be modified through some artefacts called Adapters [Benford 93a], 

such as a microphone, a megaphone, a speaker or a podium for addressing a large 

audience. 

Additionally, aura, focus and nimbus may be manipulated through Boundaríes in 

space. Boundaríes have more importance in structuring social interaction [Bowers 93]. 

Boundaríes also are a way of structuríng space and influencing awareness [Bowers, 93]. 

In this way, boundaríes "divide space into different oreas and regions and provide 

mechanisms for marking territory, controlling movement, and influencing the 

interactional properties of space" [Benford 95]. 

It is possible to identify severa! kinds of boundaríes: 

• Obstructiva: The boundary blocks the property in question (movement, aura, 

focus, nimbus) 

• Conditionally obstructive: The obstruction can be removed when some condition 

is obeyed. 

• Transforming: The boundary alters the property in some way. 

• Non-obstructive: The boundary has no effect on the property 

These effects may vary with different media (e.g., a "window" boundary may be 

permeable to visual awareness, semi-permeable to audio and impermeable to transit). 

Boundaríes may be fixed or mobile [Benford 93b]. 

4.4. MATHEMATICAL FORMALISATION OF THE SPATIAL MODEL 

Benford proposed a framework for describing a more formal and mathematical versión 

of the Spatial Model to implement the generality of these concepts [Benford 93c], 

[Benford 93d]. 
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Let US consider an arbitrary room in which communication takes place between n 

entities via m media. The concepts of focus and aura are the most fundamental to the 

first versión of the model. All entities define these quantities for each of the m media. 

The function for evaluating a measure of the focus for entity / in médium k is fik and the 

function for evaluating a measure of the aura for entity / in médium k is aik. 

fik :Tk X Tk ^ R 

aik :Tk X Tk -> R 

Where focus and aura functions have valúes in the set of real numbers R. These 

properties are drawn from a set T̂  for an entity i by the function t¿,. A measure of the 

focus of entity / on entity/ in médium k is, therefore, given by fij(tik,tjk) and a measure of 

the aura of entity / on entityy in médium k is, therefore, given by aik(tik,tjk). 

In this first versión, focus "represents a sub-space within which a person focuses their 

attention" and aura "represents a sub-space within which a person projects their 

presence". The idea is that "a person is more aware of objects inside their focus and 

less aware of objects outside of their focus" and, in the same way, "an object within 

your aura is more aware ofyou than an object outside ofyour aura ". 

These functions evalúate a measure of the focus (or aura) of a given entity on another 

depending on certain properties of both of the entities concemed, like their positions 

and orientations. 

The focus and aura functions are used to describe how an entity interacts in a particular 

médium. This is the reason why their properties depend on the media involved. 

To group focus and nimbus in a médium k, Benford defined a Médium Description for 

entity i in médium k, Dik(fik,aik), which represents "how a particular entity influences 

its interaction in a given médium ". 

This concept was extended to define an Entity Description (Ei), as the combination of 

media descriptions across all media in a room. 

Ei=(Dn,Di2,....,Di„,) 
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After defining all these concepts, ideas and functions, Benford posed the next question 

"In a giren room how aware is entity i ofentityj via médium k?", which he answered 

by introducing the Level of Awareness between two entities (i, j) in a médium k, which 

is given by: 

Ak(fik(tik,tjk),ajk(tjk,tik)) 

In 1994, Benford [Benford 94a], [Benford 94b] made the first modifications to this 

model, introducing the term nimbus, "« nimbus is a sub-space in which an object makes 

some aspect of itself available to others" and changing the meaning of aura "sub-space 

which effectively bounds the préseme of an object within a given médium and which 

acts as an enabler of potential interaction". Awareness between objects in a given 

médium was manipulated via focus and nimbus: "The more an object is within your 

focus, the more aware you are ofit"; "The more an object is within your nimbus, the 

more aware it is ofyou"; "The level of awareness that object A has of object B in 

médium Mis somefunction ofA's focus in MandB's nimbus in M\ 

In 1994 [Greenhalgh 94], Greenhalgh proposed a new mathematical approach for 

calculating focus, nimbus and awareness, where the focus and nimbus functions were 

defined as: 

fij=Fi(Pi,Ri,Pj) 

nji=Nj (Pj, Rj, Pi) 

where 

H 
Pi 

Ri 

focus of an object i on object j . 

nimbus of an object j on object i. 

position of i. 

the rotation matrix describing i's orientation relative to the world 

coordinate system. 

position of j . 
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And, using both, he defined the object i's awareness of object j as: 

aij=fij-nj¡ 

The formahsation of this model reveáis an incompatibility, because it just provides a set 

of abstract mathematical functions. In the same way, all the concepts presented in this 

model have an abstract definition, which can lead to ambiguous interpretations. 

4.5. THIRD PARTY OBJECTS 

A fundamental extensión to the Spatial Model of Interaction is the Third Party Objects 

model introduced by Greenhalgh in 1997. 

When two objects (A and B) in the original Spatial Model of Interaction negotiate 

mutual levéis of awareness through their respective foci and nimbi, these levéis of 

awareness quantify the importance of each object to the other [Greenhalgh 97]. In this 

way, awareness may be regarded as a measure of the desired "quality of service" (QoS) 

to be given to communication between both objects. If a third object appears in this 

communication, the original Spatial Model considers every dyadic relationship 

individually and independently, so that the relationship between two objects A-B is 

unaffected by the introduction of a third object C. 

With the introduction of third party objects, there are six potential awareness 

relationships between A, B and C in each médium: A 's awareness ofB, A 's awareness of 

C, B's awareness ofA, B's awareness ofC, C's awareness ofA and C's awareness ofB. 

Third Party Objects can have two basic effects on awareness: "Secondary Sourcing" and 

"Adaptation". These effects can be combined to créate complex and flexible awareness 

relationships. 

• Secondary sourcing: Modifies the interaction and provides new indirect 

awareness relationships. In Figure 6, C provides B with information about A 

and, henee, awareness of A even if B has no direct awareness of A [Greenhalgh 

97]. 
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"B" has indirect 
awareness of "A" 

"C" receives 
informatíon 
about "A" 

"C" sends 
information on 

Secondary 
Source 

Figure 6. Secondary Source 

• Adaptation: Affects the direct awareness relationships existing between two 

objects. In Figure 7, C can affect A and B's direct awareness of each other. It 

may increase awareness, leave it unchanged, attenuate awareness or eliminate it 

entirely. 

A and 5's direct awareness 

-O 
"C" interferes 
in A and 5's 

direct awareness 

Figure 7. Adaptation 

The activation of third party objects is determined by the existing direct awareness 

relationships, specifically relationships that involve the third party object itself. This is 

the reason why it can exploit the power and flexibility of awareness negotiation. In 

particular, this means that "one third party object can control or influence another 

through the same third party mechanism applied to the first object 's controUing 

awareness relationships". There are three activation pattems for Third Party Objects: 
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Membership: In this case (Figure 8) "C's awareness ofA represents the degree 

ofA 's membership ofthe group or set represented by C". 

Figure 8. Membership 

Sharing: "A 's awareness of C describes A 's interest in C" (Figure 9). In this 

pattem, if A and B are both iiighly aware of C then they can be regarded as 

sharing C, in some sense, i.e. C is an object of common interest and may reflect 

a more general overlap of interests between A and B. 

Figure 9. Sharing 

Hybrid: This is a combination of the above two cases. In Figure 10, B's 

awareness of A would depend on the combination of B's awareness of C and 

C's awareness of A. This corresponds to C acting as a secondary source for A, 

i.e. conceptually, information flows from A to C according to C's awareness of 

A; it then flows from C to 5 according to 5's awareness of C. 

Figure 10. Hybrid 

In this dissertation, we have not considered the Third Party Objects extensión, but it will 

be taken into account in future research and extensions of the model presented. 
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4.6. IMPLEMENTATIONS OF THE SMI IN CVE APPLICATIONS 

As explained throughout this chapter, different frameworks, approaches and extensions 

have been proposed for the Spatial Model of Interaction over time. In this section, we 

will give an overview of the different implementations associated with each of these 

stages. 

The first implementation of the Spatial Model of Interaction was carried out at the 

University of Nottingham and is a system called MASSIVE (Model, Architecture and 

System for Spatial Interaction in Virtual Environments), which pro vides a VR 

teleconferencing system that supports conferencing over combinations of audio, 

graphical and textual media, all govemed by the Spatial Model. This represents a 

specialised implementation of the model with its own distributed architecture. 

The second implementation of the Spatial Model of Interaction was carried out using 

the DIVE system, the multi-user distributed VR system from the Swedish Institute of 

Computer Science [Fahlén, 93]. This application allowed the user to experience the 

effects of the key awareness concepts through interaction with an imaginary creature 

called Mr. Nimbus. In DIVE, the volume of an audio signal emitted by Mr. Nimbus was 

controlled by focus and nimbus, and awareness states were reflected across both the 

visual and audio media. 

Later, a couple of platforms were developed including the Third Party Object key 

concepts: MASSIVE-2 and MASSIVE-3. They are described below. The foUowing 

sections describe the different versions of the MASSIVE platform, as well as DIVE and 

Mr. Nimbus. 

4.6.1 MASSIVE 

MASSIVE (Model, Architecture and System for Spatial Interaction in Virtual 

Environments) is a prototype implementation of the Spatial Model [Greenhalgh 95a], 

[Greenhalgh 95b], [Greenhalgh 96], [Greenhalgh 97]. The main goals of MASSIVE are 

to provide large scale interaction (supporting as many simultaneous users as possible) 

and heterogeneity (supporting interaction between users whose equipment has different 
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user interface styles). MASSIVE is provided as a stable implementation running on 

low-end SG Indy workstations. 

MASSIVE supports múltiple virtual worlds connected via portáis (gateways between 

different worlds) [Hagsand 96], [Greenhalgh 97]. Several concurrent users, who can 

interact over ad-hoc combinations of graphics, audio and text interfaces, may inhabit 

each world. 

In MASSIVE, each médium is "handled by a specialised user client process, whick 

provides a medium-specific interface between a user and the virtual world" 

[Greenhalgh 97] and a user can employ almost any combination of the three client 

programs. 

MASSIVE is based directly on the Spatial Model of Interaction as described above, 

which Controls all the interactions. This prototype also introduces an explicit measure of 

awareness, where 0.0 indicates no awareness and 1.0 indicates full awareness 

[Greenhalgh 95]. In fact, awareness was implemented as: 

Awareness = nimbus x focus 

Awareness levéis, focus and nimbus control the interaction, and, henee, the interaction 

in a given médium is not possible until aura collision occurs in that médium: an object 

cannot be seen until graphic auras collide and cannot be heard until audio auras collide 

[Greenhalgh 97]. 

MASSIVE supports adapter objects as proposed in [Benford 93a]. Adapters are objects 

that change a user's auras, foci and nimbi in order to transform the way in which they 

interact and communicate. The two adapters that are used in MASSIVE are a podium 

and a conference table [Fahlén 93]. Adapters in MASSIVE are triggered by proximity, 

which is determined by aura collision in a specialised "adapter médium" [Greenhalgh 

97]. 
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4.6.2 DIVE and MR. NIMBUS 

Mr. Nimbus, created by Olov Stáhl at the Swedish Institute of Computer Science, is a 

virtual creature who reacts to different awareness states between him and a user, as 

generated by a simple instantiation of the Spatial Model. 

Although simple, this approach exhibits the awareness properties and allows a user to 

experience the effects of aura, focus and nimbus, through interaction with Mr. Nimbus. 

It also reflects the awareness states across both the visual and audio media. 

Mr Nimbus was implemented in the DIVE system, the multi-user distributed VR system 

from the Swedish Institute of Computer Science [Fahlén, 93]. The DIVE system uses 

peer-to-peer communication to implement shared virtual worlds. This system allows a 

number of users and applications to share a virtual environment, where they can interact 

and communicate in real-time. DIVE users control their own viewpoints and can 

navigate in the environment. Self-representations (avatars) allow participants to be 

aware of each other's presence and actions. 

DIVE monitors check for coUisions between the focus of one object and the nimbus of 

another, and when this happens, the pairs of objects are able to move between different 

discrete mutual awareness states. These states can be used to control how the objects 

perceive one another across different media and all changes in focus and nimbus 

collisions genérate event signáis until the auras are no longer in contact. DIVE provides 

a general mechanism for generating event notifications and passing them onto relevant 

objects. That is, interceptions between aura fields are detected by the underlying system 

using the normal coUision detection facility and appropriate event signáis are sent to the 

objects involved [Benford 94c]. "Aura, focus and nimbus fields are implemented as 

(usually invisible) graphical objects surrounding user-representations as a kind of cúter 

5/2e//" [Benford 94c]. 

There are four awareness states corresponding to different arrangements of focus and 

nimbus: full mutual awareness, no mutual awareness, and two asymmetric states. 
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A further interesting feature of Mr. Nimbus is the manner in which his embodiment 

reflects different awareness states across both the visual and audio media. More 

specifically visual cues, such as flapping ears showing his audio awareness of us; 

highlighted mouth, showing our audio awareness of him; widening eyes, showing his 

visual awareness of us; are used to convey transitions between different awareness 

States. 

The DIVE approach to the implementation of the Spatial Model differs from that of 

MASSrVE in two major ways: 

• First, the use of simple graphical objects to represent aura, focus and nimbus allows 

DIVE to support a simplified versión of the Spatial Model (based on the notion of 

awareness states) using only standard system facilities such as colusión detection 

and event notification. 

• Second, the awareness function that combines focus and nimbus in DIVE adopts an 

"overlapping approach" (i.e. awareness in DIVE is a result of overlapping focus and 

nimbus) whereas MASSIVE is concemed with simpler relationships between focus 

and nimbus fields and object embodiments. 

4.6.3 MASSIVE-2 

After the implementation of MASSIVE-2, MASSIVE took the ñame of MASSIVE-1. 

But MASSIVE-2 goes significantly beyond MASSIVE-1 in breadth and generality, 

because it includes many features that were omitted in the first MASSIVE prototype. Its 

main features are [Greenhalgh 97] that it: 

• Preserves the basic concepts of the Spatial Model. 

• Experiments with the third party object extensión to the Spatial Model, including 

adaptation and secondary sources. 

• Updates messages, such as movement and audio, by the appropriate use of multicast 

network communication. 

• Enhances network scalability. 
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• Performs an effective mapping between Spatial Model extensions and multicast 

groups to provide dynamically controUed, structured and appropriate 

communication. 

• Pro vides a well-defined API for creating applications. 

• Includes direct manipulation of virtual objects. 

In this prototype the awareness model was implemented as: 

Awareness = min (max_nimbus, nimbus x focus) 

4.6.4 MASSIVE-3 

MASSIVE-3, a distributed multi-user virtual reality system [Greenhalgh 00a], is an 

improvement on the HEVE project Kemel (HIVEK) - a unified kemel based on time 

reasoning developed at the University of Nottingham in 1999 [Hive 02]. 

MASSIVE-3, also developed at the University of Nottingham, combines work on 

consistency in CVEs from the University of Reading [Roberts 97] with world 

structuring and awareness management. 

MASSIVE-3 is also based on some concepts embodied in the SPLINE system. Locales, 

introduced in the SPLINE system [Barrus 96], provide a powerful and expressive means 

of structuring and composing a virtual world. MASSIVE-3 is based on and extends the 

notion of locales as found in SPLINE. 

In SPLINE, a complete virtual world is composed by linking together a number of 

locales, where each lócale: 

• Is the fundamental unit of world composition 

• Corresponds to a distinct región of the virtual world, such as a room or corrídor 

• Can contain virtual objects as well as user embodiments. 

• Defines its own independent coordínate system. There is no single global 

coordínate for the whole virtual world, and each link from one lócale to another 

includes a 3D transformatíon. Thís transformation defines the relatíonship 

between the locales coordínate systems, which may be asymmetric [Barrus 96] 
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and are used to construct non-Euclidean worlds as demonstrated in Diamond 

Park. 

The two basic classes in MASSIVE-3 are "Agent" and "Environment". In MASSIVE-3, 

each process is considerad as an "agent" object, which is a "single-threaded event-based 

cyclic executive" [Greenhalgh 99c], and an environment is considered as a "lócale". A 

lócale defines its own coordínate system, and may represent a región, room, world, etc. 

An environment (lócale) can include boundaries, which are links to other environments 

(locales). "These boundaries "glue" the environments together to créate a larger 

virtual world" [Greenhalgh 99c]. MASSIVE-3 employs locales to structure the spatial 

aspects of awareness, giving greater flexibility and dynamic control. In fact, it defines a 

specialised functional class called "BASE", which must exist for every lócale. The base 

"aspect" (an aspect is simply a functional class) contains all boundaries to other locales 

and all references to the other aspects of the lócale. 

Awareness management - also called interest management - is concemed with 

identifying which objects and information in a system are of relevance to a particular 

observer [Purbrick 00]. This information can be used to determine [Purbrick 00]: 

• Which virtual world state should be replicated on the observing machine. 

• Which network communication (e.g. updates, audio or video streams) should be 

received by the observing machine, and with what data fidelity and network 

quality of service. 

• Which virtual objects should be rendered, and at what level of detall. 

• Which virtual sounds should be played out to the user, and at what volume. 

NPSNET-IV [Macedonia 95] is another system that implements a spatial awareness 

management scheme that tiles a virtual world into fíxed-size hexagonal cells, and uses 

these as the units of communication. NPSNET-IV proposes the use of functional classes 

for partitioning awareness and communication [Macedonia 95], This notion of 

functional class is used in MASSrVE-3 to define an "aspect". 

The PARADISE system [Singhal 96] introduces "projection aggregations" to structure 

awareness management and communication. This is a significant aspect of their 
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approach, because everything is, conceptually, an aggregate. PARADISE adds the 

notion of organisational scopes, orthogonal to functional class. It combines spatial 

subdivisión, based on octrees, with organisational scope, based on the organisational 

structure of the entities in question. These will normally be defined by the application to 

reflect organisational associations between objects. 

Other Systems have some region-like notion and a less straightforward comparison can 

be made with visibility based awareness management [BroU 98] [Tapas 97], excepting 

the RENG system [Funkhouser 95], where the individual rooms are analogous to locales, 

but the awareness management is processed in a different way, which is not comparable 

with any of the models described above. 

In MASSIVE-3 awareness management is performed primarily at the level of locales 

and aspects. An aspect [Purbrick 00] is defined by the following properties: functional 

class(es) (type or class of content), organisational scope(s), fidelity ("quality" of this 

aspect, e.g. resolution, accuracy...), cost of the aspect (e.g. some function of state size, 

bandwidth, rendering,...), contents replicated data, (including objects, attributes, links, 

annotations...)- In fact, the awareness management in MASSIVE-3 must choose which 

locales (and which aspects of those locales) should be replicated and which of these 

should be rendered. 

In MASSIVE-3 awareness is used in two ways: 

1.- Each boundary has an overall awareness multiplier (Am), which is a transforming 

boundary). The combined awareness multiplier between the user and a potentially 

distant lócale is used by some lócale replication policies to control replication (e.g. 

replícate if awareness is higher than a threshold) 

2.- Audio volume has a simple implementation where volume is equivalent to 

awareness. 

4.7. RODDEN'S AWARENESS MODEL 

Although this chapter places the emphasis on the Spatial Model of Interaction, this is 

not the only awareness model designed for CSCW applications. 
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In 1996, Rodden [Rodden, 1996] presented an awareness model for shared co-operative 

applications, taking the Spatial Model of Interaction developed by Benford and the core 

concepts which constitute this SMI, namely aura, focus, nimbus, awareness, adapters 

and boundaries, which were presented above, as a starting point. The SMI was 

motivated and developed within virtual computer environments with an identifiable 

spatial geometry. However, Rodden's awareness model aims to reason about sharing, 

awareness and presence in applications that have no obvious notion of space. By 

generalising the SMI, Rodden seeks to remove the restrictions imposed by binding 

notions of awareness to a spatial frame to consider awareness across a wider class of 

applications. 

The intent is not to gain an exact correspondence between concepts in a spatial model 

and elements in existing co-operative applications. Rather Rodden aims to examine the 

ways in which he can use the core elements of the spatial model to support views of 

awareness in CSCW systems. The principal focus in this endeavour is to develop a 

richer means of reasoning about the awareness between users sharing a co-operative 

application. 

There are two specialisations of the model: 

• Considering how the model can exploit the geometric properties of a shared 

spatial frame. 

• Considering the application of the general model to shared graph structures 

commonly found in computer applications. 

Rodden's model defines several new concepts and functions: 

• A Set of Users (U): This is a heterogeneous coUection of objects that may 

represent users, groups of users or any object capable of exerting an active 

presence. 

• Shared Space SS(U,0): It associates a set of objects (O) with a set of users 

(U). This association between users and objects in the space takes the form 

of a number of mappings that are central to reasoning about the relationships 

between users sharing the set of objects. 
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• Position ofan object (pos): It represents the location of the object within the 

space. 

• Adjacency of an object (Adj): It is a coUection of the other objects in the 

space. 

• Presence Position ofa user P(poSyAdj): It represents the presence of a user 

in the space by the location of the user and a surrounding set of adjacent 

objects. (This is a function of the object's position pos and the object's 

adjacency Adj). 

• Adjacency set({Adj}): It is the coUection of all the adjacencies in the space. 

• Presence Position PP(0): The set of all presence positions for a shared 

space. 

PP(0)={P(o,A)/oe 0 , A e {Adj} } 

• Focusfocus(u,id): This function maps a user in a position point in the space. 

The focus function uses an arbitrary label (id) to allow a user to have a 

number of associated foci (Figure 11). The focus function is: 

Focus: Ux Id ^ PP(0) 

• Nimbus nmbus(u,id): This function maps the set of users to the shared space 

(Figure 11). The nimbus function is similar in structure to the focus function 

and is of the form: 

Nimbus: Ux Id ^PP(O) 

• Location location(u): It retums the set of position objects for a user (Figure 

12). 

location: U-4 {Adj} 

location (u)={g / ge O and (pos(nimbus(u,id)))= g or (pos(focus(u,id)))= g } 

• Aggregate Nimbus agg_nimbus(u): It retums the set of all objects within the 

users collective nimbus (Figure 12): 

aggjíimbus: U ^ {Adj} 

agg_nimbus (u)={g / ge O and (ge adj(nimbus(u,id)))} 

• Aggregate Focus aggJ'ocm(u): It retums the set of all objects within the 

users collective focus (Figure 12): 

aggjbcus: U-^ PO 
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agg_focus (u)={g / ge O and (g6adj(focus(u,id)))} 

Focus (toral )->P(A, {N, B, M, L, K)) 

Nimbus(tom,l)-^P(A,{C, D, E, F,B.N)) 

Figure 11. Focus and Nimbus in Rodden's model 

The principal aim of this model is to represent the potential awareness that users have of 

each other. This model provides two basic forms of awareness measure: 

• A continuous quantitative notion that indicates whether users may be strongly or 

weakly aware of each other. 

• A qualitative notion of the potential for awareness in a discrete representation of 

awareness. 

The general model allows this by providing two basic forms of awareness measure and 

using sepárate functions to represent both the continuous and the discrete forms of 

awareness: 

Focus (tom,l)^P(A,{Ñ, B, M, L, K)) 
Focus (tom,k)-^P(E,{G, D, HJ) 

Nimbus (tom,l)^P(A,{B, Ñ, F, E, D, C}) 
Nimbus (tom,a)^P(X,( V, J, Z)) 

location (tom) ->{ A,EX} 

agg_nimbus (tom) ->{B,Ñ,F,E,D,C,V,J2;) 

agg_focus (tom) ->{Ñ,B,M,L,K,G,D,H} 

Figure 12. Key concepts in Rodden's model 
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The continuous view of awareness is expressed in terms of the strength of awareness. 

This function maps two users of the shared space to the set of natural numbers. The 

valué of the awareness function reflects how strongly users may be aware of each other. 

This is expressed as: 

awareness_strength: UxU -> N 

Generally, the awareness function exploits the degree of overlap between focus and 

nimbus to gain some continuous measure of awareness. For this reason, this model 

introduces the term "awareness overlap". The awareness overlap for two users ul and 

u2 is deemed to be "the setformedfrom the unión ofall setsfrom the intersection ofthe 

focus and nimbus sets ": 

awareness_overlap(ul,u2) = (agg_focus(uI) n agg_nimbus (u2)) u (agg_nimbus(ul) n 

agg_focus(u2) ) u (agg_focus(ul) n agg_focus(u2) ) u 

(agg_nimbus(ul) n agg_nimbus(u2)) 

The size of the awareness overlap, aggregate focus and aggregate nimbus determine the 

strength of awareness (awareness_strength) between two users as an integer valué 

(between O and 1): 

, , , -. |awareness_overlap(ul,u2)| 
awareness_strength(ul,u2) = -—' '—-

I agg_focus(ul) u agg_nimbus(ul) | 

This form of the awareness function is asymmetrical because the strength of awareness 

that user ene has of user two is not necessarily the same as the strength from user 2 to 

user 1. 

The discrete representation of awareness is defined by 16 different (Figures 13 and 14) 

modes of awareness (10 arrangements of users in the focus and nimbus of others and 6 

overlapping modes): 

A = { model, mode2, mode3, mode4, modeS, modeó, mode7, modeS, mode9, 

modelo, overlapl, overlap2 overlapB, overlap4, overlap5, overlapó} 
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Model 

Mode2 

Mode3 

Mode4 

ModeS 

Mode6 

Mode7 

ModeS 

Mode9 

Mode 10 

Figure 13. Modes of awareness in Rodden's model 

Overlap 1 Overlap 4 

Overlap 2 

Overlap 3 

Overlap 5 

Overlap 6 

Figure 14. Overlap in Rodden's model 
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This is achieved using a modal awareness function: 

awareness_mode: UxU —> A 

where the general function for describing all these modes and overlaps can be expressed 

as: 

awareness_mode (ul,u2) = 

model 

if location(ul) <X agg_mmbus (u2), location (ul) c2 agg_focus(u2), location(u2) c2 

agg_mmbus (ul), location (u2) (t agg_focus(ul) 

mode2 

if locatíon(ul) QC agg_nimbus (u2), location (ul) QL agg_focus(u2), location(u2) c 

agg_nimbus (ul), location (u2) ct agg_focus (ul) 

The development of Rodden's awareness model presented here focused on exploiting 

the shared nature of a pool of objects. The set of shared objects and the relations 

between them form a common "space" onto which users project their action. These 

actions are made publicly available through the objects forming the space. Rodden has 

also shown how this general formulation can be interpreted in tenns of a wide variety of 

shared co-operative applications. 

One difference between Rodden's awareness model and the SMI is that the SMI has 

limited reliance on an agreed spatial frame shared by users. Rather the objects 

themselves formúlate the space, and nimbus and focus reduce subspaces to a subset of 

objects. One consequence of this model is that the most general case of the model 

factors out space from the model and focuses on the location of action within a pool of 

objects. 

A user "inhabits" a co-operative application by projecting his presence onto a subset of 

objects. This set of location objects collectively forms a user embodiment in the 

application. The focus of a user is reflected as a subset of objects to which the user pays 

attention for action. The user's nimbus is a subset of objects with which a user may 

interact. 
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The refocusing of the SMI on action within objects rather than a common spatial frame 

allows Rodden to present a general model of presence and awareness for shared 

applications, as well as to consider users as inhabiting shared apphcations by projecting 

their action onto these applications. The structure of the application can be used to 

determine a sense of distance and proximity by determining the membership of 

particular subsets. The net result is that users can be provided with a sense of awareness 

of the action of other users and direct their actions at these other users. The development 

of the general model shows that the notions of presence, position, proximity and 

awareness can be interpreted independently of a common independent spatial frame. In 

a sense, the general model presented in this section removes space from the SMI. This 

suggests that the concepts developed in the SMI do not depend directly on a common 

spatial frame of reference. Rather they depend on a sense of location and proximity of 

action. As the model shows these concepts can be formulated independently of a spatial 

framework. 

4.8. CONCLUSIONS 

Drawing from the notion of an IVA "being aware", we found that awareness was a 

familiar concept in the context of CSCW. In fact, there are some abstract models of 

awareness, described in this chapter, such as the "Spatial Model of Interaction" (SMI), 

which have been tested with successful results in CSCW multi-user environments. 

Bearing in mind that physical perception can be understood as the first level of an 

"awareness model" [Endsley 88], [Endsley 93], [Shively 97], the first goal for our 

research is to provide a reinterpretation of the key concepts of the SMI for introduction 

as key concepts in a perceptual model applicable to IVAs 
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Visual Model 

In this chapter, we are going to analyse visual perception in human beings, focusing on 

Human Sensitive Perception, to establish the factors directly affecting an object's 

perception, and we are going to define how to apply some of these factors to an agent's 

perception functions. 

Sensitive perception in iiuman beings is the process of perception by means of which 

organisms receive sensations from the environment through sensory receptors, such as 

eyes, ears, nose, tongue or skin. Sensitive perception depends on some sensorial 

concepts, like, for example, Sense Acuity, Object Factors, Sense Transition Región and 

Adapters. Some other human factors are likely to have an effect on this kind of 

perception, but these are the ones that we are going to consider in our human-like agent 

perception functions. 
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5.1. SENSITIVE VISUAL PERCEPTION IN HUMAN BEINGS 

In this section, we are going to analyse the human process of visual perception by 

means of which the eye receives sensations from the environment. 

5.1.1 HUMAN SENSORY RECEPTORS IN VISUAL PERCEPTION 

Figure 1 The image in a normal eye is focused "on" the retina. 

A cross-sectional view of the human eye shows (Figure 1) three different layers: 

1. The extemal layer, formed by the solera and comea. 

6. The intermediate layar, divided into two parts: anterior (iris and ciliary body) 

and posterior (choroid). 

3. The intemal layer, or the sensory part of the eye, the retina. The lasí portion of 

the sensory retina to mature is the fovea, and in the centre of the retina is the 

optic nerve, a circular to oval white área measuring about 2 x 1.5 mm across. The 

major blood vessels of the retina radiate from the centre of the optic nerve. 

The retina is a light-sensitive layer at the back of the eye (Figure 1), which covers about 

65 per cent of its interior surface. In the middle of the retina is a small dimpie called the 

fovea or fovea centralise. It is the centre of the eye's sharpest visión and the location of 

most colour perception. There are two basic types of photoreceptor in the retina: rods 

and cones, which convert incident light energy into signáis that are carried to the brain 

by the optic nerve. 

The retinal rod cells are photoreceptors that are highly sensitive to light at low levéis. 

The retinal cones are maximally sensitive to long wavelengths of light (red light), 

médium wavelengths of light (green light) or short wavelengths of light (blue light). For 

this reason, cones can be divided into three different kinds (red cones, green cones, and 
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blue cones) depending on the wavelength. These three different cone mechanisms are 

the basis of what is temied trichromatic visión, which most humans have. Where only 

one or two visual pigment-bearing types of cone are present, visión is said to be 

monochromatic or dichromatic. 

Cone density is higher in the fovea centralise (Figure 2). Both colour visión and the 

highest visual acuity is attributed to cones [hyperphysics 02]. On the other hand, there 

are no rods in the fovea. Their density rises to a high valué a few degrees away from the 

fovea and they spread over a large área of the retina. These rods are responsible for 

night visión, our most sensitive motion detection, and our peripheral visión 

[hyperphysics 02]. 
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Figure 2 Density curves for tlie cones and rods in the human retina 

From Figure 2, we can see that visual receptor density is continuous along the 

eccentricity of the human eye, which means that the human eye has receptor cells at 

each and every point of the retina. Rods are multiply connected to nerve fibres, cones in 

the fovea are individually connected to nerve fibres, and each of these nerve fibres 

carnes Information to the brain as a result of the conversión of incident light energy. 

'T/ze actual perception ofa scene is constructed by the eye-brain system in a continuous 

analysis of the time-varying retinal zmage. "[Hecht 87]. Furthermore, the receptor 

density decreases as eccentricity increases from the fovea to the nasal área. 
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If we are looking for more than just light sensitivity (to tell dark from light) or light 

direction sensitivity (to tell where the light source is), we not only need photoreceptors, 

but we will also have to form an image. The human eye has two lenses, a flexible lens 

and a fixed lens. The shape of the flexible lens changes with the ciliary muscles. When 

ciliary muscles contract, the lens becomes rounder and cióse objects are focused onto 

the retina. Light rays coming from cióse objects diverge and more refraction is needed 

for focusing on the retina. On the other hand, when ciliary muscles relax, the lens 

becomes flatter and distant objects are focused onto the retina. Light rays coming from 

distant objects are nearly parallel and not as much refraction is required for focusing on 

the retina. The human ability to focus an image also depends on two factors: the shape 

of the eyeball and the shape of the lens. A lens that is too round cannot focus on far-off 

targets and a lens that is too flat cannot focus on near targets. In the normal eye, 

accommodation (focusing the eye by a flattening or rounding of the lens) is not 

necessary for seeing distant objects, because the human eye lens does it when it is 

necessary. 

The perceived size of objects will depend on a number of factors, like the visual angle 

subtended by the object on the retina (Figure 3) or the size constancy. The size 

constancy phenomenon [SizePerception 02] results in objects of known size tending to 

appear constant in size in spite of this changing with the distance. For example, if you 

are looking at a friend and that friend starts to walk away from you, the friend does not 

appear to shrink, even though the visual angle subtended by that friend is decreasing. 

Human Lens 

image 

Figure 3 Visual angle subtended on the retina by an object. 
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Practical conclusions 

The aim of this analysis is to demónstrate that any mathematical function describing the 

visual process of perception should vary and decrease continually with distance. To 

develop a perceptual model based on human perception, we have to bear in mind the 

visual angle subtended by the object on the retina and the object's size, that is, sense 

acuity, which will be explained in detail in the next subsection. We are also going to 

elude any effect of human lenses on visual perception, and the distance from the eye to 

the object will be considered merely from the sensitive point of view. 

5.1.2 SENSE ACUITY 

In human beings, sense acuity is a measurement of the ability to distinguish details and 

shapes. In general, a sense function is described in terms of sense acuity and sense field. 

For example, if the sensory receptors are the eyes, the sense acuity will be visual acuity. 

Generally, visual acuity is the spatial resolution capacity of the visual system. Visual 

acuity is limited by diffraction, aberrations and photoreceptor density in the eye, 

although our research is not going to take these factors into account. Apart from these 

limitations, a number of other factors also affect visual acuity, such as refractive error, 

illumination, contrast and the location of the retina being stimulated. Of these factors, 

we are going to bear in mind illumination and contrast. 

There are various ways to measure and specify visual acuity, depending on the type of 

acuity task [webvision 02]. 

• Detection Acuity: A measure of the smallest object whose presence or absence 

can be perceived by the human eye. 

• Resolution Acuity: A measurement of the smallest amount of spatial detail that 

can be distinguished by the human eye. 

• Identification or Localisation Acuity: A measure of the eye's ability to resolve 

differences in the spatial position of segments of a test object, such as a break or 

discontinuity in contour. 

The task to be carried out by the human eye to get a measure of Detection Acuity is 

called detection task and involves determining whether the spot or line is present in the 
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targets shown in Figure 4. The task requirement is just the detection of the presence or 

absence of both objects against different backgrounds. 

a) Bright test on a dark background 

b) Dark test on a bright background 

Figure 4 Targets used in tlie tasli of detection 

Other targets used in visual acuity measurement are the Landolt C or the lUiterate E 

(shown in Figure 5), where the task required here to measure visual acuity is detection 

of the location of the gap. 

coo 
E b) lUiterate E 

Figure 5 Landolt C or the lUiterate E 

The best-known acuity is the Resolution Acuity, also called Recognition Acuity, 

Snellen Acuity or Letter Acuity, which is commonly used in ophthalmology 

measurements. In this case, the task to be carried out by the human eye to get a measure 

of this acuity is called Recognition Task This task is dependent upon the person 

concemed, the accommodative state of the eye, the illumination level and the contrast 

between target and background [Howarth 97]. It is widely regarded as the most basic 
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metric of visual performance: reading black letters on white charts (optotypes) is still 

the method used by optometrists to measure Resolution Acuity. It requires the 

recognition or naming of the target. These targets must be chosen especially carefuUy to 

ensure that letter recognition tasks are uniform for different letter sizes and chart 

distances. The Snellen test letters are pattems constructed on 2D blackboards with a 

specific format (tabulated height and size valúes) and with special details (stroke width 

and gap width). They are usually chosen for the recognition task [Bailey 76]. An 

example of a Snellen letter is shown in Figures 6 and 7. As we can see, each stroke of 

the letter subtends 1 minute of are. 

D=6m 

Figure 6 Angle subtended by a Snellen letter 

1 minute of are 

D=6m 

Figure 7 Angle subtended by the stroke of a Snellen letter 

Visual acuity (VA) in Snellen notation is given by the relation: 

VA = D7D 

Where: 

o D' is the standard viewing distance (usually 6 metres) 

o D is the distance at which each letter of a line subtends 5 minutes of are. 

This visual acuity also can be measured by the inverse of the mínimum angle of 

resolution (MAR) of the optotype stroke (Figure 8) or by its logarithm log (MAR), 

which allows a fast and easy VA specification [Ricci 98]. 

87 



VISUAL MODEL 

retina 

Optotype 

Figure 8 Minímum angle of resolution (MAR) 

Where: 

and therefore: 

MAR ^arctan ( ) 

D„ 
tan(M4i?) 

where: 

• "s" is the object's size. 

• "Dm" is the eye-optotype distance. 

The measurement of the minimum angle of resolution (MAR) in units of minutes of are, 

quantifies the resolving power of the eye and this has been accepted as 30 seconds to 1 

minute of are [EyeSchool 02]. For a visual acuity of 6/6, one of the strokes of the letter 

subtends one minute of are at the eye. Therefore, the minimum angle of resolution 

(MAR) is one minute of are and the log (MAR) is 0. 

Note 

In our particular case, we are going to calcúlate the distance between the user and the 

optotype to be perceived (Dm) and, analysing this valué, we will determine whether the 

user is placed cióse enough to perceive the optotype's details. That is, if the user is 

placed at a distance smaller or equal to the valué of Dm for a visual acuity of 6/6, then 
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the user can perceive the optotype at that distance, otherwise the user should be closer to 

the optotype to perceive it in more detail. 

Recognition acuity can be understood as a pyramid [Thibos 90], a three-stage 

hierarchical sequence, as shown in Figure 9. At the base of the pyramid lies the first 

stage of the process, the detection of contrast produced by black ink on white paper. The 

second step is to resolve this contrast into different elements by distinguishing the 

various strokes of which the letter is composed. Finally, the arrangement of the 

elements must be identified as a particular letter of the Snellen alphabet. 

ídentification 
of letter 

\ 

íim'mM ^^ 

' - ' •, ' . , ! . ' •' ' T - • 

Figure 9 The Recognition Pyramid 

Contrast detection is the foundation of recognition and is the basis for all pattem visión. 

This base layer of the visual process is necessarily limited by a mechanism, known as 

spatial filters, which modifies the contrast of the optical or neural images. A standard 

test is used to evalúate contrast detection of striped pattems matched up vî ith uniformly 

grey targets of the same mean luminance, as shown in Figure 10. The implicit 

assumption of this test is that if the patient can detect the presence of stripes in the 

target, then the visual system must have detected the spatial contrast present in the 

pattem. The stripes get fmer to calcúlate acuity thresholds as the smallest angular size at 

which subjects can discrimínate the separation between critical elements of a stimulus 

pattem. This angle valué is called the mínimum angle of detection (MAD) and it can 
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also be calculated using checkerboard pattems (Figure 11) apart from grating pattems 

(Figure 10). The checkerboard can vary in check size from one pattem to another 

[Stimulus Maker 02]. But once the check size has been defined for a checkerboard 

pattem, it should be constant throughout the experiment. The results of the experiment 

should be expressed as a function of the check size in the checkerboard pattem 

[Electrophysiology 02]. 

SíívSvSví 
•í->K-K-:-:-:-:-K 

. V - V . V . V - W 

Figure 10 Acuity grating 
íftWyBSKf 

Figure 11 Acuity Checkerboard 

Finally, the task to be camed out by the human eye to get a measure of the Localisation 

Acuity is called localisation task and involves discriminating differences in the spatial 

position of segments of a test object, such as a break or discontinuity in contour. Visual 

acuity measured in this way is called Vernier Acuity [Vemier 02] and the discontinuity 

is specified in terms of its angular size (Figure 12). 

Angleof ^ \ \ Angleof " "^^^ l / 
displacement I \ displacement \ \ 

Figure 12 Vernier Acuity 

Vemier acuity is a type of hyperacuity, which is the ability to make sensory judgements 

with a grain much finer than that defined by the elements of the relevant sensory 

apparatus [Westheimer02]. 

Note 

Our approach will bear in mind detection acuity and resolution acuity in order to endow 

agents with human-like perception, which should be more "realistic" due to these 

limitations. In our perceptual model, this calis for a preliminary step to calíbrate the 

model and include the human thresholds for detection and resolution acuity. An agent 

endowed with a high-resolution acuity could recognise an object in the environment 

without any problem. 

90 



VISUAL MODEL 

Agents without detection and resolution acuity come up against confusing situations. 

Examples of such situations are illustrated in Figures 13 and 14. In Figure 13, Al 

cannot detect the position of the button on the wall. Al has no detection acuity and is 

not aware of the button. In Figure 14, Al is not aware of and cannot recognise the sign. 

It has detection acuity, but it has no recognition acuity. 

f 
i Al 

Figure 13 Problems caused by the lack of Detection Acuity 

Figure 14 Problems caused by the lack of Recognition Acuity 

5.1.3 SENSE TRANSmON REGIÓN 

As the clarity of perception gradually decreases, an interval can be defined in the space 

between perfect and nuil perception. In this región, which we cali "Sense Transition 

Región" (STR), perception is not clear but it is possible to make something out. In a 

visual médium, for example, human visión can be classed as "Foveal Vision" or 

"Peripheral Vision" (Figure 15). Foveal Vision refers to the visión that we have of the 

arca in front of our eyes, while Peripheral Vision refers to the visión that we have out of 
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the sides of our eyes. In real life, 9 is around 30° and 0' is usually cióse to 75°.Thus, in 

a visual médium, STR will be "Peripheral visión", also called "Lateral Vision". In this 

área, perception is not clear but it serves to make us aware of things happening in our 

surroundings. 

Foveal Vision ^ Peripñeral Vision 

Figure 15 Áreas of visual perception 

Avatars and agents without lateral visión may experience confusing situations. An 

example of such situations is illustrated in Figure 16, where A2 thinks that, given its 

position and orientation, Al can see it, but Al is not aware of and cannot interact with 

A2 (A2 is inside the área of lateral visión of Al, but outside its focus) [Herrero 00a]. 

This interaction would have been possible in real life. 

Al 

( ^ • • • • • - , 

0 A 
Lateral Vision 

Focus \ 

A2 

Figure 16 Problems caused by the lack of lateral visión 

5.1.4 COLOURTHEORY 

Colour is an important feature of a real object. The colours of objects are basically 

distinguished by two characteristics: intensity (or brightness) and chromaticity [Ferrer-

Roca99]. 
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The levéis of colour intensity projected by an object, its colour and brightness relative to 

the colour and brightness of other objects in the visual environment, will allow us to 

determine whether perception is going to be clearer. 

Usually intensity is expressed in terms of Luminance (L), which is the luminous 

intensity per unit área projected in a given direction [Clarence 98]. In our model, we are 

interested in how intensity varíes with distance. As the definition of luminance is the 

luminous intensity per unit of área, this concept is not representative for our research 

and, for this reason, we will conduct our study as a function of the object's intensity 

instead of the object's luminance. 

The eye receives image-forming radiation from the environment and converts it inte 

electrical impulses, which are further interpreted and perceived by the brain. However, 

the perception of brightness, contrast, and colour is not determined simply by the 

pattem and intensity of incoming radiation; rather, it is a dynamic search for the best 

interpretation of the available data [Gregory 78]. 

The eye normally senses an intensity difference relative to the overall intensity level, 

that is, it detects the contrast. The detection of contrast between an object and its 

surroundings is fundamental to visibility. Without contrast, as, for example, in a thick 

fog, objects cannot be perceived. As the contrast between object and background is 

reduced (for example, by increased poUution), the object becomes less distinct. 

Colour is the sensation produced by the eye-brain system in response to incoming light. 

This light can come from the sunlight or from an artificial source, in which all the 

colours of the spectrum are present. Light is electromagnetic radiation, the fluctuations 

of electric and magnetic fields in nature. More simply, light is energy and the 

phenomenon of colour is a product of the interaction of energy and matter. 

As depicted in the following illustration (Figure 17), light goes from the source (in this 

case, the sun) to the object (in this case, the apple), and finally to the detector (in this 

case, the eye and brain). Figure 17, for example, shows how the surface of a red apple 

absorbs all the coloured light rays, except for those corresponding to red, and reflects 

this colour to the human eye. 
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I&-JILL MCÍÍTON 

Figure 17 Light rays on the apple surface 

Intensity of emission also depends on the absorption coefficient, which is the fraction of 

the incident power absorbed in unit frequency range and unit surface área (Figure 18). 

In thermal equiUbrium, the more radiation is absorbed, the less is emitted. A black body 

absorbs all incident radiation (nothing is reflected). 

OBJECT 

'REFLECTED 

Figure 18 Incident and Reflected Energy 

EREFLECTED — T (E|NC!DENT ) 

As mentioned before, the eye has three different types of colour sensors (cones), which 

cover the visible spectrum. These cone mechanisms are the basis of trichromatic visión. 

The system operates so that an object that reflects half blue light and half yellow light is 

not identified as yellow-blue. As in the case with brightness, the perception of colour is 

not dependent on the absolute flux of radiant energy reaching the eye. The colour of 

objects, like, for example, flesh tones, appears similar over a wide range of outdoor and 

indoor illumination. 
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Moreover, the colour of the surrounding scenery can affect the perceived colour of a 

given object. The normalisation of colour and other aspects of colour perception are not 

fuUy understood [X-Rite 98]. 

Other factors that are of importance to the perception of colour include: the size of 

object or área, the colour of the surrounding background, and temporal variations. The 

well-known effect of background colour on perceived colour is called chromatic 

adaptation. In general, if the eye is adapted to a colour, e.g., blue sky, a nearby white 

área may take on the complementary colour of the background, in this case, a light 

yellow-brown. 

The directional property of energy emission is described in a so-called ílluminatíon 

hemisphere, which contains solid angles where the surface point can emit energy. By 

definition, a solid angle is an angle that is contained by more than two plañe angles that 

are not in the same plañe and are constmcted on one point [Euclid 02], that is, a cone or 

a pyramid, with its size determined by its subtended área of a unit sphere centred around 

the apex (Figure 19) [Csébfalvi 02]. 

Figure 19 Defínition of the solid angle 

The solid angle, in which a differential dA surface can be seen from point P, is 

obviously the área projected per square of the distance of the surface. If the angle 

between the normal surface of dA and the directional vector from dA to P is 0, and the 

distance from <¿4 to P is r, then this solid angle is: 
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dco = 
dA * eos 6 

(Equation 1) 

The intensity of the energy transfer is characterised by several metrics in computer 

graphics, depending on whether or not the directional and positional properties are taken 

into account. 

The light power or flux 4> is the energy radiated through a boundary per unit time over a 

given range of the spectrum [A,, X+d X]. 

The radiance, or intensity /, is the differential light flux leaving a surface element dA 

in a differential solid angle doo per the projected área of the surface element and the size 

of the solid angle. If the angle of the normal surface and the direction of interest is 9, 

then the projected área is dA eos 0, henee the intensity is: 

I = -
d^ (dú)) 

dA dco eos 6 
(Equation 2) 

Having introduced the most important metrics, we tum to their determination in the 

simplest case, where there are only two differential surface elements in the 3D space, 

one (dA) emits light energy and the other (dA") absorbs it (Figure 20). 

Figure 20 Energy transfer between two differential surface elements 

If ¿¿4' is visible fi-om dA in solid angle dco and the radiant intensity of the surface 

element dAisl (dco) in this direction, then the flux leaving dA and reaching ¿¿4' is: 

= I(dü])dAdCÜCOs6 (Equation 3) 
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according to the definition of the radiant intensity. Expressing the solid angle by the 

projected área ofdA\ we get: 

, , rjA ^í¿4'cos6' 
a0 = I üA eos y ; (Equation 4) 

r 

This formula is called the fundamental law of photometry. Thus a similar formula 

applies for the patch that receives the energy and for the patch that emits it. 

In light-surface interaction, the surface illuminated by an ineident beam may reflect a 

portion of the incoming energy in various directions, absorbing the rest. It has to be 

emphasised that a physically correct model must maintain energy equilibrium, that is, 

the reflected and the transmitted (or absorbed) energy must be equal to the ineident 

energy. 

Optically perfect or smooth surfaces will reflect or transmit only coherent components 

govemed by the laws of geometric optics, including the law of reflection and the 

Snellius-Descartes law of refraction. The incoherent components are caused by the 

surface irregularities reflecting or refracting the ineident light in any direction. Since the 

exact nature of these irregularities is not known, the incoherent component is modelled 

by means of probability theory. 

Practica! conclusions 

The aim of this analysis is to demónstrate the influence that colour has on the human 

sensitive perception, how the eye normally senses an intensity difference relative to the 

overall intensity level (contrast), how the light flux leaving the object surface depends 

on the object's light absorption coefficient and how this flux varíes, mathematically, 

with the distance. To develop a perceptual model based on human perception, we have 

to bear in mind not just human visual perception but also object projection, although, at 

present, we are going to elude any effect of light absorption onto the image projection. 

5.2. 

Neither the SMI ñor its implementations considered aspects of human perception. Thus, 

if the SMI were applied just as it was defined by Benford, the level of coherence 

between real and virtual agent behaviour would be minimum. We have decided to 
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identify the factors conceming human-like perception, which provide more realistic 

perception and introduce them into the SMI. In this section, we are going to describe the 

human factors considered and how the key concepts defining the SMI have been 

modified to introduce these factors. 

5.2.1 VISUAL FOCUS 

Benford introduced the focus concept in 1993 as "77ze more an object is within your 

focus the more aware you are of it" [Benford 93a]. This concept meant that the 

observing object's interest for each particular médium could be delimited. 

According to this defmition, the focus notion is the área within which the agent is 

perceiving the environment. In previous sections, we have analysed how sensitive 

perception works in humans beings, and, from this analysis, we have decided to select 

the physical factors that should have an effect on the physical área delimiting the 

observing object's interest. These factors are Sense Acuity and the Sense Transition 

Región. 

5.2.1.1 Simplified Focus Equation 

Starting from the focus concept in the spatial model, and bearing in mind previous 

implementations, for example, by Greenhalgh [Greenhalgh 97], [Grreenhalgh 99a], 

[Greenhalgh 99b], [Greenhalgh 99c], where focus was implemented as a cone, we will 

introduce sense acuity and sense transition regions. We will define a new mathematical 

function to represent the human-like focus concept. This mathematical function 

(Equation 5) will be described by the foUowing set of variables and parameters and is 

represented in Figure 21: 

• (|Xx, piy, JXE) -^ Represents the agent's eye position in a 3D system of reference. 

• Dm -> Represents the agent's visual resolution acuity distance. 

• (x, y, z) —>Represents any point inside the focus. 

• 0' -> Represents the angle delimiting human foveal visión. 

• 9 —> Represents the angle delimiting human visión: foveal and peripheral visión. 

• s ̂  Represents the object's size. 
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(x - î J + (z - ^ J < (tang(e>^ * (y - ii^)^ 

( x - ^ i J + ( z - ^ J < ( t a n g ( e ' y * ( y - ^ , ) ' 

s 
D^<-

tmg{MAR) 

(Equatíon 5) 

These equations are applicable under the following constraints: 

1. The médium is homogeneous. 

2. There are neither boundaries ñor adapters. 

3. The cone orientation is parallel to the y-axis. 

Transition 

y 
forward 
direction 

Foreground región 

Figure 21 Physical focus with lateral visión (Orientation componen!) 

In the implementation of the model, we have separated global focus, which has infinite 

length, from specific focus, associated with each agent. The length of global focus is 

limited by the aura, while the length of specific focus is limited by each agent's physical 

factors. 

When the agent perceives an object in the environment, perception will be different 

depending on the área in which the object is located. Both the object's orientation 
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(Figure 22) and the área in which it is located (Figure 23) play an important role in 

determining the perception of the object. 

As Figure 21 shows, two different cones can be distinguished, the intemal cone (with 

angle 0') represents the agent's field of visión without lateral visión, and the extemal 

cone (with angle 9) represents the agent's field of visión with lateral visión (STR). Both 

cones have been implemented as functions delimiting the agent's visual perception área. 

Starting from some experiments run for "The Oíd Man" [Herrero 99], the origin of the 

cones will be placed at an eighth part of the object's height (above the nose and in 

between the agent's two eyes). 

In Figure 23, the Área of Perception (AP) indicates whether an object is within the 

focus, and, in this case, within which área it is located. For our purposes, we have 

implemented a function that checks whether an object is inside the agent's focus, and if 

it is, then this function will indícate the área within which the object is located 

(foreground or transition región). This function will allow us to determine whether the 

agent can detect an object because it is inside its field of visión. If the agent's objective 

is not just to detect the object but also to perceive some details of the object, we will be 

also interested in the clarity of the perception that the agent has of the object (see 

section 5.4). 

orientation 

Figure 22 Agent's eye orientation and object's position. 
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región 

Transitíon 
región 

Background 
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Foreground 
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Transition 
región 

Background 

Figure 23 Physical Focus with lateral visión (Distance component) 
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5.2.1.2 Heterogeneous media 

Considering médium homogeneity, we find that, while in a homogeneous médium, the 

focus shape is uniform and corresponds to a cone, whereas, in a heterogeneous médium, 

it could have discontinuous transitions between regions with different densities. We are 

not going to deal with heterogeneous media in our model. 

5.2.1.3 Unconstrained Focus Orientation 

As we can see from Figure 21, our initial equation considers that the cone orientation is 

parallel to the y-axis. Otherwise, this approach will be valid subject to the previous 

rotation of the axes according to Euler's Rotation Theorem (equation 6). An example of 

this situation is shown in Figure 24. 
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Figure 24 Euler's Rotation 
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5.2.2 VISUAL NMBUS 

Benford introduced the nimbus concept in 1993 as "The more an object is within your 

nimbus the more aware it is of you" [Benford 93a]. This concept meant that the 

observed object's projection for each particular médium could be delimited. 

The nimbus concept, as defined in the Spatial Model of Interaction, has always been 

implemented as a sphere in both visual and hearing media. The radius of this sphere has 

an "ideal" infinite valué, although, in practice, it is limited by the object's aura. 

Just as with the above-mentioned focus concept, the nimbus concept in the Spatial 

Model of Interaction does not consider any human factors, thus hypothetically reducing 

the level of coherence between real and virtual agent behaviour. 

The nimbus notion is a way not only to project physical presence, but also to manage 

the projection of the presence. Basad on this idea, and knowing that the nimbus concept 

is one of the most important in an awareness model, we have decided to consider not 

only the factors that have an influence on the projection of physical presence, but also 

the factors that can manage this projection. We have decided to follow this guideline to 

divide the factors conceming nimbus in two different groups: 

Physical Factors: The factors that have an effect on the physical projection of 

presence (volume occupied by the object). In our research, for a visual médium, we 

are going to consider médium homogeneity, the object's position, the object's size 

and the object's shape. 

Management Factors: The factors that can help to manage the physical projection. 

Of all the possible factors, we have decided to consider just the privacy factor. 

5.2.2.1 Simplified Nimbus Equation 

In this section, we are going to introduce the physical nimbus equation without taking 

into account any factor. Generally, an object's projection within an environment 

(nimbus) will depend on: 
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a) The object's physical factors (homogeneity, position, size and shape). 

b) The object's management factors (privacy). 

c) Boundaries. 

d) Physical adapters. 

Starting from the nimbus concept introduced in the spatial model, we are going to 

define a preliminary mathematical function to describe the nimbus (equation 7), which 

is illustrated in Figure 25: 

(Equation 7) 

Figure 25 Physical Nimbus representation 

This equation is applicable subject to the following constraints: 

1. The object's volume and size has been reduced to a point, with coordinates (|ix, 

Vh, l̂ z), which is the object's geometrical centre. 

2. The médium is homogeneous. 

3. There are neither boundaries ñor physical adapters. 

Taking a = b = c = R, equation 7 can be transformed into equation 8, represented in 

Figure 26: 

(x-j[i^J + {y-fly}+{z-/íJ <R^ (EquationS) 
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(O, o, ox 

Figure 26 Nímbus representation. 

The choice between equations 7 or 8 will be made depending on the physical factors 

explained in the foUowing section. Although nimbus is always approximated by an 

sphere in Bedford's theory, we have considered that the presence projection depends on 

the object's shape and cannot reach all the points in the space that are surrounding the 

object surface equally. 

Now that we have defined the more simple and restrictive case, we are going to start 

introducing, one by one, physical factors, management factors, médium homogeneity, 

boundaries and adapters, to formúlate the more general nimbus equation. 

5.2.2.2 Physical Factors 

We are going to represent the nimbus of an object as an ellipsoid or a sphere, depending 

on the conic by which it is circumscribed (Figure 27), centred on the object's 

geometrical centre. 

The way of determining which conic has to be associated with each object in the 

environment is to look for the bounding box that has been associated to this object in 

the environment. If the bounding box is a rectangle, we will approximate the nimbus as 

an ellipsoid; if the bounding box is a circle, then we will approximate the nimbus as a 

sphere. 

The nimbus radius, or its eccentricity if it is an ellipsoid, will depend on two factors: the 

object's shape and the furthest distance at which a human being would be able to 

distinguish the object. This distance is determined by visual acuity, which depends on 
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the object's size; thus, indirectly, the nimbus conic will depend on the object's size as 

well. 

Sliape Approximation 

Nimbus 

Figure 27 Nimbus representations for geometric objects. 

As for médium homogeneity , the nimbus radius, or its eccentricity if it is an ellipsoid, 

can be modified by the médium properties. Thus, in a heterogeneous médium, the 

object's presence may be projected better in ene direction than in other, modifying the 

nimbus shape (Figures 28 and 29). 

Figure 28 Nimbus representation inside a homogeneous médium 

Figure 29 Nimbus representation inside a heterogeneous médium 

To introduce médium heterogeneity in the object's nimbus, we should bear in mind that 

presence propagation may be different in three directions of a tri-dimensional space and, 

therefore, we should maybe consider three attributes, one per axis inside the space. 
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However, as we have already mentioned in the focus equation section, we are not going 

to handle heterogeneous media in our model. 

5.2.2.3 Management Factors 

Although the Spatíal Model of Interaction, which is the starting point of our perception 

model, was deliberately oriented to CSCW applications, our perception model is more 

oriented towards interaction and communication. Human communication and 

interaction depends, among other factors, on the person's desire for privacy and, 

therefore, this factor is going to be considered in this dissertation. 

The privacy factor is important for avatars, agents and semi-autonomous avatars for 

limiting presence projection inside the environment. 

Each object will have an attribute, representing the object privacy, which will allow the 

perception engine to determine whether or not the object aims to project its presence. 

The lower valué for this privacy will be O and the higher 1. The parameters a, b and c in 

equation 7 will be proportional to this attribute. Thus, if the object has a privacy equal 

to 1, this means that it wants to project its presence inside the environment and the 

object's presence projection (nimbus) will be total. However, if this valué is equal to O, 

it will mean that the object's presence projection is nuil. A valué in between O and 1 

means that the object's presence projection is neither neither total ñor nuil. 

5.3. CLARITY OF PERCEPTION 

Clarity of Perception (CP) is a measurement of the ability to distinguish what kind of 

object is being perceived inside the agent's focus. Thus, perception can be clear or, on 

the contrary, blurred. In general, as explained in chapter 3 of this dissertation (Working 

Hypothesis), the clarity of perception should depend on the foUowing factors: Human 

Factors -such as Visual Acuity, Lateral Vision and Visual Filters-; Physical Factors -

such as the distance between the object and the position of the agent's eye (deye-object)-; 

Object Factors; and Adapters. 

The distance deye-object can be smaller, bigger or equal to Dm (máximum distance to 

resolve an object's fine detail). Clarity of perception can be considered a key concept in 

an agent's perception because it introduces more realism, believability and efficiency. 
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For example, it will be necessary to check its valué to find out if an agent can read a 

poster at a fixed distance. Moreover, awareness dependence on this factor is totally new; 

it has never been consideredby any other model. 

As discussed in the section 1 of this chapter, the process of human visual perception is 

continuous and the size of the image on the retina will continuously depend on the 

distance between the eye and the object to be perceived. Therefore, from the sensorial 

póint of view, if clarity of perception is the ability to distinguish what kind of object is 

being perceived, then it should depend on the object image that we have on the retina. 

Moreover, as the retinal image decreases continuously with the eye-object distance, then 

the clarity of perception will decrease continuously with this distance as well. But we 

are also taking into account the size constancy phenomenon, by means of which the 

object's size tends to appear constant in spite of it changing with distance. This factor 

will imply that the clarity of perception will fall still more smoothly. FoUowing the 

research conducted by Le vi et al. [Le vi 02a], we propose a Gaussian as the function to 

describe the variation in the clarity of perception with the eye-object distance (Figure 

30) for a fixed object's size. To analyse the proposed clarity of perception function 

(CP), it will be necessary to consider the following key points: 

1.- There is a minimum distance (di) necessary to have a clear perception of an 

object, starting from which the object can be clearly perceived. Usually, this 

distance is known as the mínimum distance for distinct visión or mar point. 

Under this distance perception is blurred, the further below this distance it is, 

the worse the human eye will perceive its details. The optimal distance for visión 

in a person with normal visión is, approximately, 25 cm horizontally in front of 

the eye [pboomer 01] [opticks 02]. Any closer than that the observer begins to 

lose focus (in other words, he can no longer see clearly). 

2.- As mentioned above, there is also a máximum distance {di) for clear perception. 

This distance is the visual acuity distance (da = Dm). Starting from this distance, 

the object's level of detall decreases progressively in the forward direction. 

3.- When the levél of detall that can be perceived about an object starts decreasing, 

there is a región (interval between da and ds) , where it is still possible to 

perceive an important part of, though not all the detall. Beyond ds, it will be 

difficult to perceive the object's details, although some, the details that most 
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catch the observer's attention, can still be perceived (between da and dt). The 

valué of ds depends on the target's size and distance [Levi 02a]. 

4.- There is a point (d4) beyond which the human eye cannot perceive almost any 

detail of any object. This furthest point at which the eye can see clearly is known 

as the far point in optics [NaturalVision 02]. A noraial near point is 25 cm, while 

the normal far point is considered to be infinity [Physics232 02]. 

CP 

distance eye-object 

Figure 30 Clarity of perceptíon relative to distance inside the focus foreground región 

The máximum valué for this function (CPmax) will be 1.0, and this will mean that the 

observer can perceive all the details. The mínimum valué for this function will be 0.0, 

and it will be assigned when the observer cannot perceive any detail of the object. But 

the clarity of perception function is continuous, which means that the CP(d) function is 

limited by 1.0 (máximum valué) and 0.0 (minimum valué), although it is possible to 

fínd in-between valúes (0.0 <= CP(d) < =1.0) where the observer will be able to 

perceive some details of the object, the level of detail being dependent on the distance. 

The valué 1.0 is obtained when the object is placed between di and di. In this interval, 

the object is perceived in detail, while if the object is placed in one of the other 

intervals, it will be impossible to perceive all its details. 

On the other hand, the clarity of perception that we can have for an object placed at a 

distance d<di is very low. In fact, if the object is placed very cióse to the origin (d~0), 

perception will be blurred (CP(0) =0). On the contrary, if the object's position is d, 

where d>d4, the clarity of perception will be very low, almost nuil. Finally, if d is 

between da and d4, it will be possible to perceive the object in some detail (the degree of 

detail will be decreasing as d approaches d4). 
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Mathematically, the clarity of perception will be described by the foUowing function: 

0.0< d<d, CP{d) = M 

d,<d<d, CP(d) = CP^ 

'^-'^ ^ (̂̂ ^%* ;̂M {d-d,r] 
2*cr^ J 

(Equatíon 9) 

The clarity of perception function can be determined as the above-mentioned function in 

the focus forward direction, when we see things with a kind of mild tunnel visión or 

'foveal' visión, where we are very focused on one thing and ignore everything else 

around. This situation happens very often, for example, when you watch TV and you do 

not really notice the rest of the room or using a computer when you concéntrate your 

visión on the screen, or reading or writing, where we only really see the page. Even 

when talking to people, we tend to focus on their eyes and faces and ignore the rest of 

them. 

The clarity of perception function in the transition región has to take into account the 

presence of peripheral visión. Peripheral visión, as mentioned above, is paying attention 

to what is happening at the periphery of your field of visión. In this área you may 

become aware of movement, but you are less aware of colour and contrast distinctions 

[Ahnelt 86]. 

We have two types of light receptor cells in the retina - cone cells, which detect colour, 

and rod cells, which detect movement. The cone cells are grouped towards the middle of 

the retina, while rod cells predomínate around the edges. Moreover, receptor density 

depends on the eccentricity of the eye (Figure 2), and it decreases as eccentricity 

increases from the fovea to the nasal área. This is why we notice movement rather than 

colour and details at the periphery of our visión [Ahnelt 87]. This means that people 

have fewer resources to perceive an object that is within the transition región than an 

object that is inside the focus foreground región, and the level of detail that they can get 

about that object is lower as well. On the basis of this theory, clarity of perception in 
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STR will have a different meaning, because, in this área, we are perceiving the object's 

movements not the object's details. 

,In his original study on contour interaction, Flom [Flom 63] suggested that contour 

interaction was due to a neural interaction that was essentially the same in the fovea and 

periphery of normal visión. He also introduced a new reinterpretation of the near and far 

point concepts for interactions in the peripheral área and showed that a similar form of 

interaction occurs in the fovea and periphery. 

In the peripheral región, detection acuity is limited by the retinal image quality and 

contrast-transfer properties of the eye's optical system, and resolution acuity is hmited 

by the ambiguity introduced by the photoreceptors [Wang 02], [Thibos 02a], [Thibos 

02b]. Whereas critical distances depend on the target size in the foveal región, they 

depend on eye eccentricity in peripheral visión [Levi 02b], Human acuity falls more 

rapidly in peripheral visión than in foveal visión [Beckmann 02]. This acuity is 

measured according to models of eccentricity scaling, of contrast sensitivity, and the 

scaling law F = 1 + E/E2 [Legge 02], where F is the scaling factor indicating how a 

spatial property or performance varíes, E is the retinal eccentricity, and E2 is the 

eccentricity for which performance doubles with respect to the foveal valué. For 

example, according to the experiments conducted by Anderson [Anderson 02] on a user 

subject who has 30 degree eccentricity with a long-stroke letter E (which is the 

traditional tumbling E stimulus used clinically) and E2=0.98, the MAR valué is 0.49. 

For this reason, and according to the research conducted by Levi et al. [Levi 02b], we 

propose a Gaussian to describe the variation in the clarity of perception with the eye-

object distance (Figure 31) for a fixed object's size. 

CP, 

O d'i d'2 
eye-object distance 

Figure 31 Clarity of perception relative to distance inside the focus transition región 
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Where: 

0.0<CP,_<CP„,, á\>d, á\<d, d\>d, d\^d. 

(Equation 10) 

The density of visual receptors is continuous along the eccentricity of human eye. So, 

the clarity of perception that an agent will have of an object placed in the focus 

foreground región is given by equation 9 (Figure 30), whereas it will be given by the 

equation 10 (Figure 31) if the object is placed in the focus transition región, where the 

transition from one to the other is continuous. 

5.4. THE FLUX OF PROJECTION 

Among other factors, like, for example, size or shape, which we took into account in 

previous sections, colour is one of the first characteristics that we notice about an object 

while we are perceiving it. As explained in the colour theory section, colour is the 

sensation produced by the eye-brain system in response to incoming light. This light is 

energy that can be absorbed or reflected by the object. Thus, the flux of energy (O) 

radiated by the object, at a given point, is inversely proportional to the square of the 

distance between the object and that point. This variation represents the object's energy 

received by the human eye and brain, giving the colour sensation to the usar. Since this 

variation has an effect on the object's presence projection, we have decided to introduce 

the flux of energy (O) as the flux of presence projection that takes place inside the 

physical nimbus. According to the theory of photometry and colour discussed earlier, 

the intemal flux of presence projection at a given point will be inversely proportional to 

the square of the distance (equation 11) between the object and that point (Figure 32). 

Figure 32 Flux of presence projection 
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0 = — (Equationll) 

As mentioned above, the nimbus allows us to determine when the object's physical 

projection can be detected by another object. As explained above, it is important to 

distinguish between the área within which the object projects its presence (Figure 25) 

and the flux of presence projection that the object gives off (Figure 32). 

The flux of presence projection is connected with the clarity of perception as follows: 

once an agent(A) is inside the nimbus described by another (B), A can focus on B and A 

will receive an image of B given by the clarity of perception that the agent A has at B's 

position. The colour sensation that agent A gets from agent B will also depend on the 

distance between the two, because the flux of presence projection radiated by agent B 

varíes with distance. 

5. 5 THE EFFECT OF BOUNDARIES 

Benford classifies boundaries as non-obstructive, obstructive, conditionally obstructive 

and transforming [Benford 94a]. AU of these boundaries can modify the conic shape 

associated with focus and nimbus. We have run some studies of what this variation 

should be like, depending on the modifier's shape and its properties. These studies have 

been implemented as a part of a fínal-year project supervised by Pilar Herrero [Vázquez 

01] (Appendix C), which is ongoing. 

In a visual médium, a non-obstructive boundary is, for example, a transparent window-

wall, because you can perceive almost the same through this window as if it was not 

there. It modifies neither the visual focus of perception ñor the visual nimbus of 

projection. 

If while perceiving our surroundings - or while projecting our presence -, we come 

across an obstructive boundary, this will mean that it is not possible to perceive any 

other object - or to project our presence beyond this object. In this case, the cone shape 

associated with the agent's focus - or agent nimbus - will be modified as follows 

(Figure 33, Figure 34 and Figure 35). 
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Obstructive 
Boundary 

Figure 33 An obstructive boundary interrupts the process of perception 

Obstructive 
• 

Boundary 

Figure 34 An obstructive boundary interrupts tlie Figure 35 Nimbus shape modifíed by an 

projection of presence obstructive boundary 

Conditionally obstructive boundaries could be, for example, a door that is locked, where 

the visual perception - or visual projection - can go through the door if you have the key 

that opens it. Moreover, if the door is small, even though the door is opened, the visual 

perception - or visual projection - is limited by the presence of walls that are also acting 

as boundaries (Figure 36). 

Transforming 
Boundary 

Figure 36 A Transforming Boundary 
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An example of transforming boundaries could be a dyed window. Where the window 

colour plays a very important role. If the window colour is dark grey, the perception that 

you have when you are perceiving through it is lower than if it is translucent grey or 

light yellow. 

Throughout this dissertation, we have considered not just boundaries but also adapters, 

which can increase or decrease the área of perception or projection. Adapters can 

modify the agent's área of perception by altering the distance at which an object can be 

perceived. An example of a physical adapter is a telescope, which enables perception of 

objects placed at a very far distance inside the agent's global focus. 

Benford introduced the concept of boundary and the concept of adapter and he 

classified boundaries as obstructive, non-obstructive, conditionally obstructive and 

transforming [Benford 94a]. Although we follow Benford's definitions of boundaries 

and adapters, and the boundaries classification, our research has an important 

contribution on this point. All the studies using the Spatial Model regarding the 

boundary concept have a physical connotation, whereas, in this dissertation, boundaries 

can modify not just the physical properties of the physical área of perception (focus), 

and the physical área of projection (nimbus), as Benford considered, but also the agent's 

perception (clarity of perception (CP)), and the object's projection (flux of presence 

projection (4>)). Moreover, throughout this dissertation, we are going to consider non-

obstructive boundaries as perceptual adapters if they modify the clarity of perception 

(CP) or the flux of presence projection (O). In this section, we are going to study what 

effect boundaries and perceptual adapters have on the object's perception and projection 

from the perceptual point of view. 

As for clarity of perception, this function can be modified by the presence of some 

objects, which act as obstacles in the perception process, and can be considered as 

boundaries. 

If, in a visual médium, while perceiving our surroundings, we come across an 

obstructive object, this will mean that it is not possible to perceive any other object 

beyond this object. In this case, the clarity of perception will be represented by the 
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function below (Figure 37), where the distance D determines an abrupt change in the 

function: 

o D 
distance eye-object 

Figure 37 An obstructíve boundary interrupts the process of perception 

If the boundary is non-obstructive, it can modify (amplify or reduce) the clarity of 

perception that we have of objects behind it, henee modifying awareness. This kind of 

boundaries can be considered as perceptual adapters, and basically they will increase 

(Figure 38) or decrease (Figure 39) clarity of perception, starting from the boundary's 

position (D). 

CP 

CP 

CPp 

l LJ ::=:==. • 

D d 

Figure 38 A non-obstructive boundary increasing the clarity of perception 
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d2 D 

Figure 39 A non-obstructive boundary decreasing the clarity of perception 

On the other hand, if the non-obstructive boundary is located at a distance di<D<d2, eye 

accommodation can be modified (amplified or reduced), henee modifying the valué of 

Dm and the distance di (d2= Dm). Finally, if the non-obstructive boundary is located at a 

distance 0<D<di, the mínimum distance necessary to have a clear perception (di) may 

be modified (Figure 40). 

CP 

CP, 
max 

d d d , ^ 

Fig 40 A perceptual adapter modifying the clarity of perception 

In our model, each object will have two attributes: kindSignalProcessor and 

levelSignalProcessor. The first attribute will characterise whether or not the object is a 

boundary - or an adapter. The second attribute will supply Information about the level of 

modification that the object can introduce into the process of perception when it is 

working as a signal processor. This valué can be positive or negative, amplifying or 

reducing the slope of the straight Une respectively. 

As for the flux of presence projection, we can say that the existence of boundaries in the 

environment damage the projection of presence. For example, if, in a visual médium, 

116 



VISUAL MODEL 

while projecting our presence, we come across an obstructive object, this will mean that 

it is no longer possible to project beyond this object. In this case, the flux of presence 

projection will be represented by the function below (Figure 41), where the distance D 

determines an abrupt change in the function. 

m 
•fet*fcj 

\ 
Obstructive 

Boundary 

D 

Figure 41 An obstructive boundary interrupts the process of presence projection 

If the boundary is non-obstmctive, it could modify the flux of presence, but also the 

focus perception and the nimbus projection. In this dissertation, we have taken into 

account the latter modification because they are considered more significant for our 

model. 
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Hearing Model 

The knowledge of a human-like virtual agent or avatar about its surroundings should 

depend on, and be limited by, not only its visual perception, but also its hearing 

perception. 

In this chapter, we are going to examine the factors associated with human speech 

perception by human listeners, the main aim being to gain enough knowledge of human 

audition so as to be able to endow agents with human-like hearing perception. Having 

gathered this knowledge, it will be used as a basis for proposing a model for agent 

auditory perception. 



HEARING MODEL 

6.1. THE PHYSICS OF SOUND 

Sound is the vibration of any substance. The substance can be air, water, wood or any 

other material. Indeed, the only place through which sound cannot travel is a vacuum. 

When these substances víbrate, or move rapidly back and forth, they produce sound. As 

described in the next section, our ears pick up and allow us to interpret these vibrations. 

From the point of view of physics, sound is caused by a vibrating source and travels in 

the form of a wave through a médium: "Sound is an organised movement of molecules 

caused by a vibrating body in some médium - water, air, rock or whatever" [Stevens 

80]. 

But, it also can be considered as a description of a sensation: "the auditory sensation 

produced through the ear by the alteration ... in pressure, particle displacement, or 

partióle velocity, which is propagated in an elastic médium" [Olsen 67]. 

Both these definitions are correct, the only difference being that the first relates to a 

cause and the second to an effect. 

In this section, we will provide a short review of sound propagation, which is necessary 

to understand the model that we propose. 

From the viewpoint of physics, sound propagates as a longitudinal (the displacement of 

the médium is parallel to the propagation of the wave) and mechanical (a médium is 

required for propagation) wave, transporting energy. The speed of sound is determined 

by the properties of the médium. 

The general wave equation describing the wave motion is: 

• = V 

dt' a ' 
^( ,o=y;( -vt)+M +vo 

(Equation 1) 
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where a function ^(x,t) is the general solution of the wave equation expressed as a 

combination of two different wave motions propagated along the same axis but in 

different directions. For example, f(x-vt) describes the movement of the wave in the 

positive direction of the x-axis (+x) at a speed v. 

Individual particles move directly away from the vibration source to créate compression 

or rarefaction: 

• Compression happens when the carrier médium is denser than at equilibrium. 

• Rarefaction happens when the carrier médium is less dense. 

For our model, we are going to need to compute the sound wave pressure anywhere in a 

región. This can be done using the general solution that the wave equation provides 

(which sound must obey because it is a wave), or using the Sound Pressure Level 

definition. 

The Sound Pressure Level (SPL) is a decibel measurenient of sound forcé per unit área. 

The SPL produced by a sound source is 20 times the logarithm, to the base 10, of the 

ratio of the pressure of sound measured at the reference pressure (Pr). Sound pressure 

level in units of decibels is expressed in equation form as: 

SPL(dB) = 201og 

(Equation 2) 

where the pressure P here is to be understood as the amplitude of the pressure wave. 

The SPL is usually given in newtons per square metre (N/m ), where Pr= 2 x 10' N/m . 

But in our research, we need to know how the sound pressure level varíes with the 

distance from source to the measurement point. So, we will have to express equation 2 

in terms of this distance. 

When dealing with the sound radiated by a simple source, one most often considers the 

measurement point to be located in the far field. This means that the distance from the 

sound source to the observation point is much larger than any dimensión of the source. 

Taking this theoretical approach, the far-field pressure radiated by a simple source in 

free space may be written as [Russell 97]: 

121 



HEARING MODEL 

4nr 
(Equation 3) 

and the pressure amplitude is then 

P = Ac 
4nr 

(Equation 4) 

where: 
Q => source strength 

(In acoustics, the source strength is the máximum amplitude of a signal, giving a 

measure of the volume displacement produced by a sound source) 

Po => fluid density 

c => speed of sound in the fluid 

k => wave number 

r => distance from source to measurement point. 

If we introducing the pressure amplitude (equation 4) in equation 1, we can get the 

sound pressure level variation in terms of distance from source to measurement point, 

which was our objective (equation 5). 

SPL(dB) = Clog 
í,\ 

r 

(Equation 5) 

where C is a constant dependent on the source strength, the fluid density, the speed of 

sound in the fluid and the wave number for both pressures (P and Pr). In our model, we 

are going to assume that the valúes of all these parameters are constant and, therefore, 

C=20, simplifying equation 5 and getting equation 6: 

SPL(dB) = 201og 
f ^ 

r 
^ J 

(Equation 6) 

The usual way to describe the absolute valué of sound is the intensity I and the Sound 

Intensity Level (abbreviated SIL). The Sound Intensity Level (SIL) is the intensity 

decibel scale (equation 7). 
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SIL(dB) = 101og 
vio; 

(Equation 7) 

where I is the intensity of the sound wave and lo is the reference valué. The form of the 

equation is similar in appearance to the equation for SPL that we defined above, except 

that the multiplier in front of the log is 10 instead of 20. The reference valué lo is the 

threshold of hearing intensity at 1000 Hz and is 10"'̂  W/m .̂ 

Bearing in mind that 
r p Y ^r\ 

V^oy V^o, 
, then SIL can be expressed as: 

SIL(dB) = 10Iog 
r - ^ 

vio . 
= 101og 

^ p a A 

p 2 
= 20 log 

(Equation 8) 

Because the SPL and SEL scales are both referenced to the threshold of hearing, the 

decibel reading for the two scales can usually be assumed to be identical in most simple 

situations. Both soundpressure level and sound intensity level are purported to measure 

the same thing: the loudness of a sound that we hear. 

In practica, there are some subtleties because the pressure amplitude at a point is the 

result of waves coming from all directions, whereas intensity implies that we have to 

define a surface through and a direction in which the energy flows. We will not concern 

ourselves with these points, but we should be aware of them. 

The variation of the SIL can also be expressed in terms of distance, as we did in the SPL 

equation. Following the same sequence of steps, we find that the SIL variation with the 

distance (r) is proportional to the logarithm of (1/r) as well (Figure 1). 
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Intensity (dB) 

Distance (r) 

Figure 1 Intensity of sound versus distance 

In general, the relation between ear sensitivity, SPL, intensity and frequency is given by 

a curve, callea Audibüity Curve [Hyperphysics 02]. 

In this dissertation, we work in terms of intensity on the decibel scale (SIL), taking into 

account its logarithmic variation with the distance to the sound source, as presented in 

this section. 

6.2. SENSITIVE HEARING PERCEPTION IN HUMAN BEINGS 

In our environment, we are surrounded by constant sound. Sounds in the real world are 

three-dimensional. Human beings have the ability to perceive sound spatially, meaning 

that they can figure out where a sound is coming from, and where sounds are in relation 

to their surroundings and in relation to each other. 

Even the smallest vibrations and echoes help us to identify our surrounding área. 

Sounds in a small área produce fewer echoes than sounds in a large área. The physical 

properties of an object can also be determined by the sounds the object makes. When a 

ball is dropped onto a soft surface, it makes a different sound from what it would if 

dropped onto a hard surface. 

This sound is transmitted to the brain, which is able to interpret the information that 

enters the body through the ears. 

There are many factors that contribute to our abiHty to perceive sound, some of which 

act directly on the mental processes and are not easy to model or reproduce in a virtual 

world. We have analysed some key concepts of human auditory perception to determine 
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which to introduce in our auditory agent's perceptual model. These concepts, selected 

for being more representative of human auditory perception, are: 

• Auditory acuity: Representing the general "Sense Acuity" in a hearing médium. 

There are two different kinds of auditory acuity: spatial acuity and frequency 

acuity. Virtual agents that exhibit this property would be able, for instance, to 

detect a sound only if its frequency were within the usual human audible range 

and only if it were not too far off. Both acuities are interrelated. 

• Angular distance: Giving more Information about the existing gap between two 

sound sources: 

• Directivity of sound: Giving a measure of the directional characteristic of a 

sound source. If a virtual source is endowed with this property, we will be able 

to determine how much sound is directed towards a specific área compared to all 

the sound energy being generated by a source. 

• Interaural Differences: The sound waves that reach the listener's eardrum are 

affected by the interaction of the original sound wave with the listener's torso, 

head, pinnae (outer ears), and ear cañáis. If endowed with this characteristic, the 

signáis reaching each of the virtual agents' ears may have some time or 

frequency differences. 

• Auditory Filters: AUowing the selection, from all the objects in an extensive 

focus, of only the enes in which the agent is especially interested. 

• Cone of confusión: The cene of confusión is a cene extending outwards from 

each ear. Sound events that originate from a point on this cone are subject to 

ambiguity. 

In this section, we are going to analyse not just this set of key human auditory concepts, 

but also most of the factors that can have an influence on human perception. 

6.2.1. HUMAN SENSOR Y RECEPTORS IN HEARING PERCEPTION 

The auditory system has a tremendous capacity for conveying Information coming from 

the environment. But, perhaps the biggest advantage of the ear is the fact that it can 

process sound without concentrating on the source that produces it. 

Hearing is caused by the vibrations of air or sound waves. The ear receives and 

transmits these vibrations , in several stages, to the auditory nerves. The outer part is 
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the visible part of the ear. It has two parts: the pinna, which is attached to the sides of 

the head, and the auditory canal through which sound waves pass to the middle ear. The 

pinna and auditory canal serve to amplify sounds. The middle ear is a small cavity, 

connected to the outer ear by the tympanic membrane (or ear drum) and to the inner ear 

by the cochlea. Within the cavity are the ossicles, the smallest bones in the body. Sound 

waves pass along the auditory canal and víbrate the eardrum, v̂ ĥich in tum vibrates the 

ossicles. The ossicles concéntrate and amplify the sound waves they receive and 

transmit the vibrations to the cochlea. Cilia, which are small hairs in the cochlea, bend 

due to the vibrations in the cochlear fluid and reléase a chemical transmitter that 

generates impulses in the auditory nerve. 

Sound has a number of distinctive characteristics. Pitch is defined as the frequency of 

sound. Loudness is a subjective term describing the strength of the ear's perception of a 

sound, which is an attribute that is proportional to the amplitude of the sound. Timbre 

relates to the "type" of sound. Different Instruments may vary in timbre despite having 

the same pitch and loudness. 

Pitch is the attribute of auditory sensation that orders sounds on a scale extending from 

lew to high. Pitch depends primarily upon the frequency of the sound stimulus, but it 

also depends upon the sound pressure and waveform of the stimulus. A tone is a sound 

of defined pitch. A puré tone has a sinusoidal waveform that evokes a sensation of 

pitch, while overtones are the additional components in a wave that vibrate in simple 

múltiples of one base frequency. 

Sound loudness is intimately related to sound intensity, but can by no means be 

considered identical to intensity. Sound intensity must be factored by the ear's 

sensitivity to the particular frequencies contained in the sound. 

Sound may, moreover, be characterised by its timbre or quaUty. Sound "quality" or 

"timbre" describes the characteristics of sound that allow the ear to distinguish sounds 

that have the same pitch and loudness. Timbre is then a general term for the 

distinguishable characteristics of a tone. Timbre is mainly determined by the harmonic 

content of a sound and the dynamic characteristics of the sound, such as vibrato and the 

attack-decay envelope of the sound. 
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A periodic waveform can always be characterised in terms of harmonics. This is known 

as Fourier analysis. It is common practice to characterise a sound waveform by the 

spectrum of hannonics necessary to reproduce the observed waveform. For example, 

the recognition of the different vowel sounds of the human voice is largely 

accomplished through an analysis of the harmonic contení by the inner ear. Their 

distinctly different quality is attributed to "vocal formants", frequency tanges where the 

harmonios are enhanced. Since sustained vowel sounds differ primarily in their 

harmonic content, this offers a mechanism by means of which the ear can distinguish 

them. The ear acts as a sound analyser that can detect differences in harmonic content 

through the varying excitation at different places along the basilar membrane. 

Moreover, the ear distinguishes pitches based on the location of máximum excitation 

along the basilar membrane of the inner ear. 

Formants in the sound of the human voice are particularly important because they are 

essential components in the intelligibility of speech. The term formant refers to peaks in 

the harmonic spectrum of a complex sound, which arise from some sort of resonance of 

the source [Hyperphysics 02]. The first two formant frequencies can be considered as a 

kind of two-dimensional space for mapping the distinguishability of two sounds. 

Some investigators report that it takes a duration of about 60 ms to recognise the timbre 

of a tone, and any tone shorter than about 4 ms is perceived as an atonal click. 

Moreover, it takes about a 4 dB change in mid- or high harmonics for it to be perceived 

as a change in timbre, whereas a change of about 10 dB is required in any of the lower 

harmonics. The process of discrimination against low frequencies is based on the 

hearing response for very soft sounds. The ear strongly discriminates against low 

frequencies, near to the threshold of hearing - about 60 dB is required to be heard at 30 

Hz. 

Of all the concepts and ideas presented in this section, we have focused mainly on 

loudness, because of its cióse relationship to sound intensity and, therefore, to the sound 

intensity level. 
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6.2.2. AUDITORY ACUITY 

Most sounds are complex mixtures of various frequencies and intensities. For 

identífication and classification, a frequency analysis needs to be run to output a 

spectrum analysis curve. 

Auditory acuity can be defined as 'The clarity or cleamess of hearing, a measure of how 

well a person hears" [MedicineNet 02]. Jalongo [Jalongo 91] defined listening as "the 

process by which spoken language is conveited to meaning in the mind". Auditory 

acuity is related to the physiological process of hearing, while Auditory Perception is 

the ability to discrimínate among sounds, to blend sounds together, and to hold 

sequences of sound in the memory [Jalongo 91]. The process of effective listening is 

called Active Listening. The receiver of Information must be an Active Listener to 

complete the communication process [Cohort 02]. 

The "A-Weighted Sound Level" is a measure of sound pressure level designed to reflect 

the acuity of the human ear. The human ear does not respond equally to all frequencies. 

The ear is less efficient at low and high frequencies than at médium or speech-range 

frequencies. Therefore, the effects of the low and high frequencies need to be reduced 

with respect to the médium frequencies to describe a sound containing a wide range of 

frequencies. The resultant sound level is said to be the A-weighted sound level, and it is 

also called the noise level [Glossary 02]. 

The usual audible range of frequencies for human beings is 20-20,000 Hz (Table 1), 

although, really, this range is age-dependent. The sensitivity range is different, however. 

As the lowest audible frequency for human beings is usually 20 Hz, any sound below 

this frequency will be discriminated. Nevertheless, the greatest sensitivity is within the 

range 1,000 - 4,000 Hz (2,000 Hz on average) and the best pitch discrimination is 

within the range 1,000 - 3,000 Hz, where discrimination is poor at high and low pitches. 

Moreover, for discrimination, we need a mínimum change in frequency of 2 Hz and a 

mínimum change in SPL of 0.5 dB. 

The standard threshold of hearing can be expressed in terms of pressure or sound 

intensity in decibels (Table 2) [Noise 02]. 
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1 Erequency: 

[ : • • • • : . . ; • • • ; ; ; • v .', ; " • • : , 

! Pressure: 

2xÍ0^Hz-2xl0'^Hz 

1 X 10-'2 - 1 X lO' wattsW 

corresponds with 

Oto 1.2X lO^decibels 

2 X 10"̂  - 6 X lO' newtonsW 

corresponds with 

2 X 10''° - 6 X lO''* atmospheres 

Table 1. Audible Range 

3|j|^|Mi^| ¿Activity vIMjS'v̂  

-

LO-dB ^ 

30 dB j 

40.dB 
• 

60 dB 

70 dB 

«0 dB 

'90-dB 

mO dB 

Uro-dB 

il20^dB 
1 

iUOdB 

¡ 14,0̂ dB 
i 

1 

i 1-55 dB>' 
s 

No Sound (Threshold of Hearing) 

Rustle of a Leaf 

Buzzing Insect , • , . , • 

QuietWhisper , - ' 

Quiet Office 

Modérate Conversation 

Noisy Restaurant or Heavy Traffic 

Computer Print Room " . , -

Lawn Mower/Heavy vehicle (Limit of exposure of 8. hrs) 
• 

Chain Saw/Subway Station , ' • ' 

Rock Drill/Amplified Music . ' . ' ' 

Propeller Aircraft (Threshold ofPain) 

Riveting Hammer (Threshold of Feeling) • 

A Shotgun Blast/Jet Engine (at 30 m) -" . " 

(Extensive destruction of auditory nerves) ' - , " 

A 30-Calibre Rifle ' : 

Table 2 Intensity associated with some common activities 

As shown in Figure 2 , the threshold of hearing varíes with frequency, and it can be 

expressed in terms of sound pressure level or sound intensity level. 
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20 H! 100 HJ IkH: 
Ftequency, Hz 

lOkHz 

Figure 2 Auditory Response 

Figure 2 illustrates the threshold of hearing in terms of the sound intensity level, in dB, 

as well as the speech área range and the threshold of pain. 

Although a nominal figure for the threshold of pain is 120 decibels, younger people are 

generally more tolerant of loud sounds than older people, because their protective 

mechanisms are more effective. This tolerance does not make them inmiune to the 

damage that loud sounds can produce, 

But hearing sensitivity depends on the person. The record of a given individual's 

hearing sensitivity is called an audiogram, which shows the hearing threshold level, 

measured in decibels, as a function of frequency, measured in hertz. 

Looking at the Table 2, we find that the time of exposure plays an important role in 

hearing perception. In fact, there is a máximum time of exposure at the same sound 

intensity (8 hours at 90 dB) and a minimum time of recognition necessary to recognise 

the timbre of a tone. It takes a duration of about 60 ms to recognise the timbre of a tone, 

and any tone shorter than about 4 ms is perceived as an atonal click. Moreover, the 

human hearing system is unable to distinguish between two sepárate sounds with 

frequencies that are too cióse to each other. In other words, a slight change in the 

frequency of the tone will not be audible unless the frequency change is greater than a 

defined valué. The higher the frequencies, the broader the change in frequency of the 

tone may be without audible differences. Therefore, the audible frequencies are divided 

into 220 ranges, the higher the frequency, the wider the range. A unit was defined to 

describe the concept of these ranges and it was called octave. 
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In this research, we are going to introduce auditory acuity into the auditory agent's 

perception function to determine whether, given a sound, its frequency is within the 

audible range and, therefore, whether the agent can hear it. 

6.2.3. SPATIAL AUDITORY ACUITY 

The mínimum audible angle (MAA) can be defined as "the smallest difference 

(measured in degrees) between two sound sources such that a listener can perceive 

them as comingfrom two differentsources" [GlossaryPerception 02]. 

There are important differences between the vertical and horizontal dimensions in the 

resolution with which people can resolve the spatial location of a sound source, an 

effect that Blauert terms "localization blur" [Blauert 74]. 

The highest resolution perceptible by a listener is in the horizontal plañe (Figure 3), and 

it depends on the individual, the type of sound source and the nature of the environment. 

Under ideal conditions and having the source especially placed in front of the listener, 

the mínimum audible angle is 2 degrees or even less, depending upon the exact nature 

of the experimental task, because most listeners can detect changes in angle of one 

degree when the source is straight ahead [Kendall 02]. This accuracy drops off as the 

source moves to the side of the head, where the angle increases to nearly 10 degrees 

[Kendall 02]. 

Figure 3 Angle of Spatial Resolution Acuity in the horizontal plañe 
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But all spatial acuity valúes also depend on the frequency of tone. For example, for a 

500 Hz tone, the acuity at 0° is about T of are and at d= +75°, it is about 8" of are. 

Truax discusses [Truax 99] the results of the experiments run by Mills in 1972 [Mills 

72] and provides functions to represent the minimum audible angle between successive 

pulses of tone as a function of the frequency and the direction of the source measured 

for different angles (0°, 30°, 60° and 75°). 

By comparison, the resolution in the vertical dimensión is quite low. Vertically, the 

mínimum audible angle of a sound source in front of the listener is nearly 9 degrees and 

progressively increases to 22 degrees overhead [Kendall 02]. 

Spatial acuity is apparently not as important for auditory perception as it is for the visual 

system. We have introduced MAA in both the horizontal and vertical plañe in our 

agent's auditory perception library. 

6.2.4. PERIPHERAL AUDITORY PERCEPTION 

While the pinna is clearly adaptad to auditory localisation, the peripheral neurological 

system has little or no specialisation for directional hearing. The peripheral neurological 

system transforms the acoustic ear signáis into neural activity and seems most clearly 

designed to capture the spectral/temporal decomposition of incoming acoustic v^aves. 

The primary function of signal decomposition would appear to be the identification of 

the sound source, i.e., the sounding object and its excitation. This strongly conditions 

the structure of the neural mechanisms that underlie human locahsation, since, at the 

level of the peripheral neurological system, source Information commingles with spatial 

Information. So, there is no structural representation of spatial Information in the 

peripheral auditory system as there is in the peripheral visual system when light is 

focused onto the retina. Drayna [Drayna 02] suggests that musical pitch perception is 

largely independent of peripheral hearing. 

As peripheral auditory perception is not a key concept in auditory perception, we did 

not consider it in our agent model of perception. 
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As peripheral auditory perception is not a key concept in auditory perception, we did 

not consider it in our agent model of perception. 

6.2.5. DIRECTIVITY OF SOUND 

If all the power from a source can be focused on a small arca, then a greater sound 

pressure and, henee, a louder sound can be achieved. Low frequencies cannot be 

directed at any specific área, as they tend to be omni-directional. However, high 

frequency sounds can be very directional, henee the shape of loud hailers, trumpets and 

hom speakers , which guide the sound in a particular direction. 

Directivity is a measure of the directional characteristic of a sound source. It is an 

important aspect of a sound source, especially in a reverberant field. When a balloon is 

popped, it sends sound out in all directions equally (for all practical purposes). A person 

talking has a higher directivity of sound, which means that sound radiales in a 

hemispherical pattem (half a sphere). Directivity is important because it helps to 

indícate how much sound will be directed towards a specific área compared to all the 

sound energy being generated by a source. 

The human volee has a limited amount of sound energy available. The more the 

directivity of the volee mercases, the more dlstance the volee wlll cover. For example, 

when someone cups his hands around his mouth, he is increasing the directivity of his 

volee. Someone talking through a megaphone may very much improve his directivity. 

A device's directivity can be described by a term called "Directivity Factor" (Q), which 

is basically an indication of its ability to confine the applied energy to a smaller unit 

arca. A Q of 1 means that the source is essentially a point source, distributing acoustical 

energy spherically in all directions. A Q of 2 means a hemispherical distribution. Thus, 

the same acoustic energy output over half the área will increase the intensity, and 

therefore the pressure, by a factor of 2 in the área covered by the device. This is quite 

useful in an architectural environment, as it allows more energy to be directed towards 

the audience and less to the walls and ceiling. Similarly, a Q of 4 means that the source 

distribution is a fourth of the spherical distribution and a Q of 8 means that the source 

distribution is an eighth of the spherical distribution (Figure 4) [Noselli 02] 
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Q = 2 

Q = l 

Q = 4 Q = 8 

Figure 4 Spatial source distributíon 

It is common practice to express the directivity in decibels as a Directivity Index (DI), 

which is a function of the Directivity Factor (Q). The fonnula is as foUows [Noselli 02]: 

DI =IOIog(Q) 

(Equation 8) 

The directivity index of a sound source at a given distance and in a given direction can 

also be calculated as the difference in decibels between the sound pressure level 

produced by the source in that direction and the space-average sound pressure level of 

that source, measured at the same distance [Acoustics 02a], [Noise 02]. 

As for the directivity factor Q, it may be defined as the ratio of the intensity of a source 

at a point in some specified direction (usually along the acoustic axis of the source) to 

the intensity at the same point in space due to an omnidirectional point source with the 

same acoustic power. Mathematically, the directivity factor can be written as [Russell 

97]: 

Q = 
Lir) P\(r) 

(Equation 9) 

where r is the distance between that point and the position of the sound source. 

Directivity pattems have been measured for the human voice at different frequencies in 

different planes [Beranek 86]. For example, measurements in the horizontal plañe of 

relative SPL versas horizontal angle, where the direction of speaker's mouth is O 

degrees (Table 3), revealed a pattem resembling a cardioid (Figure 5) 
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9=180° / 
9=0» 

6=90° 

Figure 5 Directivity pattern of human voice 

Represented in polar coordinates as: 

(Equation 10) 

and in Cartesian coordinates as: 

(ix'+y^-axy=a'(x'+y') 
(Equation 11) 

where 2a is the length of the Une segment joining two points on the curve. In the 

foUowing table (Table 3), we present some measurements of SPL taken at different 

frequencies for a couple of valúes of the 9 angle. 

This figure represents the área within which a human being projects his voice (human 

voice nimbus). For any other sound source (other than human voice), it would be 

necessary to calcúlate the directivity pattern prior to formulation. 

In this research, we are going to introduce the directivity of sound and more specifically 

the human voice pattern, detailed in this section, as a key concept for determining how 

sound projects its presence in the space to be perceived by the agent and within which 

área this projection is possible (for more details, see section 6.3). 
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e 

180 

90 

SPL i 

-18 

-13 

-8 

-4 

-8 

-6 

-3 

-1 

Frequency 

5-10 kHz 

2.5 kHz 

1.2 kHz 

175 Hz 

5-10 kHz 

2.5 kHz 

1.2 kHz 

175 Hz 

Table 3 SPL versus 6 at different frequencies 

6.2.6. INTERAURALDIFFERENCE 

The sound wave that reaches the listener's eardram is affected by the interaction of the 

original sound wave with the üstener's torso, head, pinnae (outer ears), and ear cañáis. 

The signáis arriving at each ear may have some differences and can be examined from 

two perspectives: the time domain and the frequency domain. These are two classes of 

information, or "cues", that the auditory system utilises to localise sounds. These cues 

are referred to as interaural (i.e., between the ear) differences. First, sound localisation is 

made possible by the Interaural Difference in the Time-of-Arrival (AT), which is also 

known as Interaural Time Difference or Interaural Delay of a sound wave. The second 

cue involves the Interaural Difference in Intensity (AI), which is also known as Head 

Shadowing. 

To further complicate the matter, each of these cues (AT and AI) opérales more 

effectively at different sound frequencies. In fact, interaural difference in intensity is 

dominant for frequencies greater than about 4 kHz, while interaural time difference is 

dominant for frequencies less than about 1 kHz [Scavone 01]. 

All of these cues are directly related to properties of the human head, location and shape 

of the ear, and the sound waves themselves. For example, high frequency sounds 
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possess a shorter wavelength than low frequency sounds. This high frequency sound 

wave has a tendency to be blocked by the head when a signal is located off centre. 

Interaural Delay AT 

Unless a sound is located at exactly the same distance from each ear (e.g. directly in 

front), it will arrive earlier at ene ear than the other (Figure 6). This delay is a 

consequence of the finite speed of sound propagation. Each ear hears sounds differently. 

For example, if a sound signal originales from a point 90 degrees to the right of straight-

ahead, then the right ear will receive the signal several hundred microseconds before the 

left ear. The brain is capable of discriminating very small interaural differences in the 

time-of-arrival. This concept has an important dependence on the ability of estimating 

the direction of the sound source. 

Figure 6 In eraural ela 

Looking at Figure 7, we can see that this valué will be máximum when the sound source 

is directly to one side (0 = 90°). The difference in path length will then be the thickness 

of the head. If we assume an average head thickness of about 18 cm, the máximum time 

delay introduced would be calculated by the foUowing mathematical formula (equation 

12), where d is the distance between the ears (0.18 m) and v is the speed of sound (340 

m/s) [Acoustics 02b]: 

_ d 0.18 _ . 
AT = — = = 0.5ms 

V 340 

(Equation 12) 

Interaural time difference is effective for low frequency ranges, its valué being quite 

cióse to 0.5 ms for humans. This is a very short delay, and, therefore, it has not been 

considered for formulating the agent's binaural clarity of perception. The effect of 
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bearing this factor in mind would be a short delay between sounds reaching both ears 

and, therefore, a short delay before making the binaural perception. 

18 cm 

Figure 7 Difference in path length 

HeadShado in ÁI 

The interaural difference in intensity is the difference in the intensity of sound arriving 

at the two ears. If a sound is closer to one car, the sound's intensity at that ear will be 

higher than the intensity at the other ear, which is not only further away, but usually 

receives a signal that has been shadowed by the listener's head. For example, if a sound 

source produces sound from a person's front left, the right ear will hear a slightly less 

intense sound than the left ear because of the position of the right ear relative to the 

sound (the ear is facing away from the sound source). Sound bounces off a listener's 

shoulders, face, and outer ear, before it reaches the eardrum. 

Let US consider the most extreme case (Figure 7) with the incident wave approaching 

from 90° to the median plañe (from the side) and an average head thickness of about 18 

cm. In this case, the wavelength (X) and the frequency (f) are given by [Acoustics 02b]: 

d = -Á 
3 

d = 0.1Sm 
=>Á = 0.21m 

Á 0.21m 

(Equation 13) 
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To understand equation 13, it is important to bear in mind that the behaviour of an 

object as a sound deflector or shader depends on the relationship between the 

dimensions of the object and the wavelength of the incident sound. The object will start 

to cast a significant shadow when the dimensión it presents to the wavefront is cióse to 

two thirds of the sound wavelength, since with these relative dimensions the sound will 

start to exhibit ray-like behaviour. At lower frequencies, the behaviour of the sound will 

be wave-like, and it will pass round the object with little disturbance [Acoustics 02b]. 

A simplified formula can be used to calcúlate the new amplitude of the sound source 

(A') obtained after considering the effect of the interaural difference of intensity in ene 

of the human ears. This amplitude (shown in equation 14) is the result of multiplying 

the original amplitude - arriving at the other ear - by a factor that depends on both the 

distance and the head radius [Liesenborgs 00]: 

A'=A— 

(Equation 14) 

where the distance (d) is calculated from the centre of the virtual head - or the 

geometrical centre of the shape bearing the virtual ears - of the participant who 

produced the sound. This means that it will always be at least the head radius (r), which 

is the radius of the virtual head of that participant. 

The interaural difference in intensity is effective for the high frequency range, where the 

máximum intensity difference is 20 dB (due to head occlusion) and the minimum 

discemible intensity difference is 0.7 dB. 

Other factors influencing sound intensity are the density of the cranium that the sound 

travels through and the different echo angles in which the ear receives sound. But we 

are not going to bear these factors in mind in this research. 

The environment within which we are going to valídate the implementation of our 

model does not allow us to adjust sound frequencies. Therefore, we can not determine 

whether we are dealing with high or low frequencies or which kind of interaural 

difference is best suited for each situation. For this reason, we have eluded both kind of 

interaural differences. 
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6.2.7. SOUND LOCALISATION: THE CONE OF CONFUSIÓN 

According to the dúplex theory [Macpherson 02], different cues are used to localise 

different frequencies. Interaural time differences are used to localise low frequency 

tenes, whereas interaural intensity differences are used to localise high frequencies. The 

localisation accuracy for puré tenes across a wide range of frequencies is quite good for 

low and high frequencies, but is relatively peor for middle frequencies (2-4 kHz), 

because neither interaural time differences ñor interaural intensity differences are 

especially good cues in this ranga of frequencies [CQUEST 02]. But this theory fails in 

some cases where binaural cues provide ambiguous information about a sound's 

location. For example, the same binaural cues are produced by sounds directly in front 

of and behind an observen Indeed, any combination of interaural time differences and 

interaural intensity differences can be produced by sounds in many different directions: 

all such directions lie on the surface of the so-called cone of confusión (figure 

8)[Darwin 02]. 

Figure 8 The cone of confusión 

The cone of confusión is a cone extending outward from each ear. Sound events that 

origínate from any point on this cone yield identical interaural time differences at the 

opposite ear [Morgan 02]. It is important to note that there are many cones of confusión: 

each combination of interaural time differences and interaural intensity differences that 

produces confusable locations [Darwin 02]. 

For puré tones, this ambiguity can only be resolved by head movements. But for 

complex tones the ambiguity can be resolved by the effects of the pinna. The pinna (or 

externa] ear) serves different functions in different animáis. Animáis with mobile pinnae 

(donkey, cat) use them to amplify sound coming from a particular direction, at the 

expense of other sounds. The human pinna is not mobile, but serves to colour high 

frequency sounds by interference between the echoes reflected off its different 
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structures (like the colours of light produced by reflection from an oil slick). Only 

frequencies that have a wavelength comparable to the dimensions of the pinna are 

influenced by it (> 3 kHz). So, the pinna reflects the sounds whose frequency 

wavelength is less than the dimensions of the outer ear. Reflections cause echoes that 

interfere with other echoes or direct sound to give spectral peaks and notches. The 

frequency of peaks and notches vanes with the direction of sound and is used to indicate 

direction in the median plana [Darwin 02]. The pinna is the principal factor in vertical 

localisation [Morgan 02]. 

In this dissertation, we are going to suppose that the problems of ambiguity related to 

interaural differences can be solved by head movements, leaving the pinna effect as a 

future research line. 

6.2.8. THE EFFECT OFMOVING SOUND SOURCES 

Velocity cues enable the listener to perceive and track a sound event's motion. For a 

moving sound event, there are changes in at least the interaural differences and the 

sound event spectrum. Measurement of the Mínimum Audible Movement Angle 

(MAMA) shows that motion detection is also more accurate in front of the listener. 

There are two types of sound event velocities relative to the listener: angular and radial. 

Angular velocity occurs when a sound event maintains a constant distance by moving in 

a circle around the listener. The second type of motion, radial velocity, occurs when the 

distance of a sound event changes in relation to the listener. For these sound events, 

there is a shift in frequency called the Doppler Effect. For sounds moving closer to the 

listener, successive wavefronts are compressed resulting in an increase in frequency. 

For sounds moving away from the listener, successive wavefronts are spread out 

resulting in a longer wavelength and a lower frequency. The formula for the Doppler 

shift is given below. 

(Equation 15) 

where v is the velocity of sound in the médium (344 metres/second for sound in air), Vo 

is the velocity of the observer relative to the médium, Vs is the velocity of the source 

141 



HEARING MODEL 

relative to the médium, and fs is the frequency of the source when stationary [Morgan 

02]. 

In this dissertation, we are going to suppose that the source is fixed in a position, 

leaving source movement as a future research line. 

6.3. MODEL FOR HEARING PERCEPTION 

6.3.1. AUDITORY FOCUS 

According to Benford's defmition [Benford 93], the focus in our model delimits the 

observing physical área of interest for each particular médium: the hearing médium in 

this case. 

The SMI did not account for human aspects, so we have had to extend the focus 

concept, considering the factors that have an effect on the physical área delimited by the 

observing object's interest, such as Sense Acuity and Interaural Differences. 

A human listener can hear a sound that reaches him in two different ways: combining 

Information from the two ears, "Binaural Hearing", or taking Information from one ear 

or from each ear independently, ''Monaural Hearing". Modem psychoacoustic research 

has tumed its attention to binaural hearing [Kendall 02] and, for this reason, we are also 

going to focus on this kind of hearing throughout this research. 

The position of a sound source relative to the centre of the listener's head is most 

conveniently captured as a vector expressed in terms of two angles, azimuth and 

elevation, and one scalar distance (Figure 9) [Kendall 02]. 
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/ 
/ 

listener 

u — 
Azimuth (6) 

Figure 9 Posítion of a sound source relative to the listener 

Azimuth is the angle (9) between a projection of the vector onto the horizontal plañe 

and a vector extending directly in front of the listener. This angle is within the range [0°, 

360°], and the valué is equal to 0° when the source is in front of and 180" if the sound 

source is behind the listener. If the angle has a valué of 90° or 270'*, it can be understood 

as being to the listener's left or right (depending on the author, because there are 

differences on this question nowadays). 

Elevation (cp) is the angle formed between the vector and the horizontal plañe. This 

angle is within the range [-90°, 90°], and the valué is 90° when the source is overhead or 

-90° when it is undemeath. 

Azimuth and elevation angles vary independently, which means that the focus should be 

an elliptical cone, which is a cone with an elliptical cross-section. 

We have defined a new mathematical function to represent the human-like focus 

concept. This mathematical function (equation 16) is described by the foUowing sel of 

variables and parameters (Figure 10): 

• (x, y, z) => Represents a point inside the cone 

• (¡j,x, |Xy, jj,z) => Represents the agent's head position in a 3D system of reference 

(we have approximated the agent's head by a point in the head 

centre) 
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• e=> 
• (p=> 

• d=> 

Represents the azimuth angle 

Represents the elevation angle 

Represents the agent's hearing acuity distance associated with 

the angles 0 and (p 

O a 
a = d * tang <p 

b = d* tang 0 

(Equation 16) 

Figure 10 Focus shape in hearing perception 

This function allows us to determine when the agent's physical hearing perception 

process can detect a sound. Only if the propagated sound is within the focus of the agent 

will the agent analyse if the frequency of the sound is within its audible range. If the 

objective is not just to detect but also to distinguish the sound, we will have to look at 

the clarity of the perception that the agent has of the sound. 

In this formulation, we have approximated the agent's head by a point. We have also 

considered that the cone orientation is parallel to the y-axis. Otherwise, the approach 

will be valid subject to the previous rotation of the axes according to Euler's Rotation 

Theorem (equation 17). 
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6.3.2. AUDITORY NIMBUS 

According to Benford's definition, the nimbus in our model delimits the physical área 

of projection of a sound source for a particular médium. 

We are not only going to analyse how the sound is projected, but also the factors that 

can have an effect on the physical projection of the sound. 

Sound propágales as a longitudinal and mechanical wave whose wavefront is a set of 

spheres (Figure 11). 

travel directiotí of wave 

Figure 11 Wavefront of sound propagation 

We could define the hearing nimbus as the volume of space delimited by the sound 

wavefront, but in a Virtual Environment we are interested in having information about 

the sound source and its properties. Namely we are interested in properties such as the 

directivity of sound or its intensity. 
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We start from the assumption that the sound is propagated in the médium as a spherical 

wavefront. However, even if this is the case, the sound amplitude and, therefore, its 

intensity might not be the same in all directions. For this reason, we interpret the nimbus 

concept in this model as the región within which the sound source is projected at the 

same intensity. 

Starting from this interpretation of nimbus, we can determine which factors have an 

influence on this concept and its representation within an environment. Of all these 

factors, we have considered only the directivity of sound in this research, leaving the 

other factors, like the presence of non-linear effects or non-homogeneity, for example, 

for future research and extensions of this work. 

We have also centred our research on the projection of the human volee. In [Beranek 

86], there is a complete set of measured directivity pattems for the human volee, in both 

horizontal and vertical planes, at frequencles ranglng from 175 Hz to 10 kHz. 

As already mentioned in this dlssertatlon (see sectlon 6.2.), the human volee pattem is a 

cardiold (see Figure 5). As we have focused our research on the human volee, we have 

considered that the área within which the human being projects hls volee is a cardiold. 

As explained at the beginning of this chapter, SPL depends on the sound amplitude (by 

definition). Therefore, the nimbus will have this dependence as well. Moreover, 

equations 10 and 11 are valid as a nimbus equation in the absence of non-linear effects 

and under the assumption that the médium is homogeneous. 

The derivation of the equation for longitudinal wave motion has implicitly assumed that 

the médium through which sound travels is a linear médium. Non-linear effects can 

cause progressive changes in wave shape. This distortion is seen in the gradual transfer 

of energy to the higher harmonics, with such harmonics being attenuated differentially 

due to the frequency dependence of the attenuatlon coefficlents. Such non-linear effects 

become more marked for higher transducer frequencles, smaller speeds of sound, larger 

dlstances of propagatlon, larger Inltlal wave amplitudes and smaller attenuatlon 

coefficlents. The practlcal Impllcatlons of these effects are largely appreclated In the 

Increased absorptlon of wave energy and reduced spatlal resolutlon. But we are not 
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interested in working with either harmonics or attenuation coefficients. Therefore, we 

are going to consider the absence of non-linear effects in this dissertation, leaving such 

effects as a future line of research. 

On the other hand, wave propagation in heterogeneous media is a very general and 

interdisciplinary topic, which concems many áreas of fundamental and applied research, 

like, for example, mathematics, optics, acoustics and medical sciences. The study of 

wave interaction with heterogeneous structures requires the use of fundamental concepts 

such as múltiple scattering, radioactive transport, weak and strong localisation, time 

reversal invariance, speckle correlation and near field propagation. These concepts are 

particularly useful in a large number of applications, including non-destructive 

characterísation of heterogeneous materials, medical diagnosis, seismic detection, 

meteorological prediction, etc. But we are not interested in working with any of the 

above-mentioned factors (scattering, radioactive transport, . . .). So, we are going to 

consider only homogeneous media. 

Another two factors that can play an important role in the nimbus are privacy and 

intentions. The privacy factor is interesting when, for example, an agent does not want 

to be heard by another agent inhabiting the same environment. This can be achieved by 

reducing the sound power of the agent's voice and, therefore, its amplitude or its 

intensity, when the agent so wishes. As for the intention factor, it is interesting when 

speaking to a specific agent. This effect can be achieved by managing the directivity of 

sound so that it points at the agent in question. Moreover, if the agent wants to be heard 

by just a group of people, or even if it wants to whisper to any one of them, it can do so 

by combining the reduction of sound power and the management of directivity of 

sound. So, an agent can manage its privacy by just adjusting the above-mentioned set of 

concepts. Privacy and intentions have not been implemented yet in our perceptual 

model, and have been left for future extensions of this perceptual model. 

To extend our model to other sound sources, apart from the human voice, it would be 

necessary: to calcúlate the pattem of directivity associated with that sound, formalise 

this pattem -by a mathematical equation, analyse its restrictions, if any, and add it our 

implemented model. 
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6.4. CLARITY OF PERCEPTION 

In this section, we again focus on the sensitive perception block of the agent's 

perception engine. 

Sensitive hearing perception depends on some relevant sensorial concepts (Figure 12): 

Human Factors - such as Auditory Acuity -, Sound Source Factors - such as source 

position and source intensity - 2ináAdapters [Herrero 02a], [Herrero 02b], [Herrero 03]. 

Once the sound source reaches the agent's focus with a SIL within the audible range, 

the sensitive perception module will calcúlate the clarity of perception for this object. 

Sound Source 
Factors 

Human Factors 

Pepceptual 
Information about 
the Environmcnt 

Figure 12 Sensitive Perception 

Clarity of Perception is a measurement of the ability to perceive a sound inside the 

agent's hearing focus, as well as the cleamess of this perception. 

There are many factors that contribute to this ability, some Of which act directly on the 

mental processes and are not easy to model or reproduce in a virtual world, but it is 

generally accepted that the perception of sound source distance is thought to depend on 

a variety of acoustic cues, including [Zahorik 02]: intensity or sound pressure leve!, 

frequency spectrum, binaural cues, and the ratio of direct to reverberant sound energy 

[Békésy 38], [Mershon 75], [Mershon 79], [Butler 80], [Nielsen 93], [Bronkhorst 99] 
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[Zahorik Ola], [Zahorik 01b]. The remaining cues seem to be clearly secondary, as they 

are all effective only under certain somewhat limited conditions [Zahorik 02], so we 

will leave them for future research lines. 

To fully understand the cue combination process , it is important to determine the 

human auditory system's sensitivity to each of these cues separately. This is why we 

gave a brief description of almost all these cues at the beginning of this chapter. 

Reverberation (see section 6.6) may be critically important for providing absoluta 

distance Information [Mershon 75] by potentially supplying Information about the 

acoustic power of the sound source [Zahorik Ola]. Other acoustic cues, like, for 

example, the intensity or the sound pressure level, can provide a much finer resolution 

of source distance changes. 

Shinn-Cunningham [Shinn-Cunningham 00] has conducted several studies on how the 

root-mean-square (RMS) pressure - the square root of the arithmetic average of a set of 

squared instantaneous valúes - varíes as a function of source distance. Hüs studies 

addressed both monaural and binaural perception, modelling the head as a rigid sphere 

and taking inte account different valúes of the azimuth angle. Head approximation has 

been tested with empirical measures vi'ith very good results. 

For monaural perception, the root-mean-square pressure level varíes inversely with the 

square of the distance between receiver and source (r̂ ) for sources placed at a distance 

of over one metre from the listener. Thus, this pressure varíes as loglO(distance), where 

the slope of the function is independent of direction, and the sound level at the ear 

varíes with direction due to acoustic head shadowing. When sources are quite a long 

way from the head, doubling the source distance causes a 6 dB reduction in received 

energy. By contrast, for nearby sources (placed at distances of less than a metre), sound 

level is no longer proportional to the logarithm of the distance. In fact, for a source 

approaching the head along the binaural axis (9=90°), the sound pressure level grows 

three times faster with distance, v̂ 'hile if the sound source is placed at (6=0°), the sound 

level changes very slowly v̂ ith distance and is almost proportional to logarithm of the 

distance again [Shinn-Cunningham 00]. As regards binaural perception, interaural 

differences effect significant changes for nearby sources. These effects increase when 
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the source is placed on one side of the listener (G=90°). Accordingly, the interaural 

difference level changes by over 20 dB as distance ranges from 1 m to 15 cm [Shinn-

Cunningham 00], 

From Shinn-Cunningham's experiments, we can conclude that hearing perception 

varíes continually with distance to the source sound. Therefore, from the sensorial point 

of view, if the clarity of perception is the ability to perceive a sound, the clarity of 

perception at a given point will depend on the azimuth angle at this point and on the 

distance to the sound source. Shinn-Cunningham [Shinn-Cunningham 00] considers that 

monaural perception decreases with distance to the sound source quite uniformly, like a 

straight line with slope equal to —20 on a logarithmic scale, except for distances of 

under 1 m, where there are strange variations in this perception. However, the valúes 

obtained at these points do not differ very much from those that the function would have 

if it was approximated by a straight line across the whole of the range, and, therefore, 

this is the approximation that we are going to use in this dissertation (equation 18) 

(Figure 13). 

CP^id) = CP,(6)-20*\og(d) 

(Equation IS) 

cp,{e) = -

10 ^ = 0° 

20 ^ = 30° 

30 6> = 60° 
40 d = W 

(Equation 19) 

where d is within the range [0.15 m, dmax] and dmax is the máximum distance at which 

the sound can be perceived with clarity. The CPo, the reference valué of the clarity of 

perception, depends on the azimuth angle, as shown in equation 19, where we have 

talcen approximated valúes for CPo from Shinn-Cunningham's experiments. 
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Clarity of Perception 
(CP) 

L o g ( 0 . 1 5 ) L 0 g ( d max) 

Figure 13 Clarity of Perception versus distance 

As for binaural perception, bearing in mind equation 12, introduced when we described 

the interaural difference effects, as well as Shinn-Cunningham's experiments, we 

propose that the clarity of perception in the región where the interaural difference effect 

is bigger (range from 0.15m to Im) varíes according to the foUowing equation (equation 

20): 

CP,{d) 
CP^id)^ ufe [0.15,1] 

a 
-20*log(^) dEÍld^J 

(Equation 20) 

where the distance d is calculated from the centre of the virtual head of the participant, r 

is the head radius, and CPM is the clarity of perception for monaural perception (Figure 

14). 

Clari ty of Percept ion 

( C P B ) ( C P B ) 

de [0.15,1] " dG[l,d™ax] ^ 

Figure 14 Clarity of perception versus distance (binaural perception) 
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We have already studied the sound pressure level effect and the binaural cues. As 

regards the frequency spectrum, sound recognition sometimes requires the 

characterisation of the sound waveform as a spectrum of harmonics by means of a 

Fourier analysis. In this case, the ear acts as a sound analyser, which detects differences 

in harmonics and distinguishes pilches based on the location of máximum excitation 

along the basilar membrane of the inner ear. However, we have approximated this 

spectrum using the fundamental harmonic frequency in this dissertation. 

6.5. THE FLUX OF PROJECTION 

The flux of energy (<!)) represents the sound energy received by the agent's ear and 

brain at a given point, introducing the sound sensation inside it. This flux has an effect 

on sound projection, since it determines how the sound energy vanes with the distance 

to the sound source within the physical nimbus. 

The flux of energy (^) at a given point, radiated by a stationary sound point source 

emitting uniform spherical waves in the acoustic free-field - an acoustic environment 

free from physical objects capable of sound reflection - is related to the distance to the 

sound source by an inverse square law (equation 22) (Figure 15) [Hyperphysics 02]. 

<J) = — = 
A AUr^ 

(Equation 22) 

O 

Figure 15 Flux of presence projection 
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Where: 

P => Represents the source power 

A => Represents the spherical área (A=47cr ) of a hypothetical sphere, drawn 

around the source, of radius r, equal to the distance from the source that is 

radiating power to the perceptual point (Figure 16). 

This formula (equation 22) is called the Inverse Square Law, because it depends on the 

radius of the sphere in an auditory médium that takes inte account neither reflections 

ñor reverberation effects (sea section 6.6 for more details). 

The standard unit of measurement is the watt/m^, and, as mentioned earlier, the 

threshold of hearing lies at 10"̂ ^ watts/m^, whereas the threshold of pain is about 1 

watt/m^. 

í^:-^ I 

O-:: 

Sound Power 

Figure 16 Intensity at surface of sphere 
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A simple source radiales equally well in all 3D directions, but the splierical área (A) 

increases with the distance to the sound source. So, the further away we measure the 

sound intensity, the lower the intensity at that point is. 

As mentioned above, the nimbus allows us to determine the área within which the sound 

is being projected. However, the flux of presence projection determines how this sound 

is being projected through this área. 

The flux of presence projection is connected with the clarity of perception as foUows. 

Once an agent (A) is inside the nimbus described by a sound, A can hear this sound, but 

might not be able to perceive this sound with enough clarity so as to be able to 

recognise it. The sound sensation that agent A gets from the sound will depend on the 

distance between both, because the flux of presence projection radiated by the sound 

varíes with both intensity and distance. 

6.6. THEEFFECTOF OUN ARIE AN FHY ICALA APTER 

In a hearing médium, the behaviour of boundaries is quite different from what we 

discussed for a visual médium. In fact, if a sound that is being propagated strikes a 

surface, a number of things can happen (Figure 17): 

• Transmission: The sound passes through the surface inte the space beyond it, 

like light passing through a window. 

• Absorption: The surface absorbs the sound like a sponge absorbs water. 

• Reflection: The sound strikes the surface and changes direction like a ball 

bouncing off a wall. 

• Diffraction: The sound waves go round obstacles, such as edges, walls or 

columns, and propagation continúes. 

• Diffusion: The sound strikes the surface and is scattered in many directions. 

Figure 17 Possible situations 
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Several of these actions can occur simultaneously. For instance, a sound wave can, at 

the same time, be both reflected by and partially absorbed by a wall. 

Boundaries like walls can have different effects on sound propagation at different 

frequencies. The effect of boundaries is most pronounced at high frequencies, where 

they act as acoustic shadows by obstructing the free flow of sound energy (Figure 18). 

The reduction in sound level within this shadow zone is dependen! on frequency. 

"\ / '• .'^' 

^ mi 

Figure 18 Effect of boundaries at high frequencies: Acoustic Shadow 

Whereas at low frequencies, boundaries créate a diffraction effect at the edges, so the 

shadow effect is diminished (Figure 19). 

ií 
"V 

Figure 19 Effect of boundaries at low frequencies: Diffraction 
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Based on the assumption that any transmission through the wall itself is negligible, 

there are a number of quite computationally intensive methods for calculating this 

reduction. However, a simple formula that suits our purposes is as follows [Marsh 02]: 

R=101og(3 + ((40fd)/c)) 

(Equation 23) 

where (sea Figure 20): 

R => reduction (dB). 

f => frequency (ELz). 

d => path difference. 

c => speed of sound. 

_ '̂ iffraction 
an 

oundary 

Figure 20 Acoustic difíraction 

The exact placement of a boundary between the sound source and a receiver position 

will determine its effectiveness. A boundary placed cióse to the source, at a given 

height, causes a change in the direction of sound by the greatest angle, increasing sound 

propagation and its effectiveness. If the boundary is cióse to the receiver, the sound 

travels as far as possible from the direct route but cannot travel as far as it would do if 

the boundary was not there, reducing its effectiveness. However, the effectiveness in the 

last case will be higher than if the boundary is placed midway between source and 

receiver. In the latter case, the boundary will allow little diffraction, reducing the 

transmission through the médium and through the boundary [Marsh 02]. 

This discussion reveáis how important boundary placement is for determining its effect 

on sound propagation. Boundary effectiveness can be classified as: 
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• Highest: when the boundary is placed near to the source. 

• Significant: when the boundary is near the receiver. 

• Minor: when the boundary is halfway between the two. 

At present, we have not taken into account the effect of boundaries in our implemented 

model due to the limitations of the platform upon which our model has been deployed to 

valídate this research work. The main limitation in this respect is that MASSIVE cannot 

play sound at different frequencies and, as we have explained, this is a key factor for 

evaluating the effect that boundaries have on the sound propagation. 

Two important acoustical phenomena associated with the presence of boundaries in a 

hearing médium are the Reverberation Time and the Noise Reduction. 

An important acoustical measurement called R v rb ratíon Tim (RT or RT(60)) is 

used to determine how quickly sound decays in a room. Reverberation time depends on 

the physical volume and surface materials of a room [Hyperphysics 02]. 

In any room, there are several factors that we need to know in order to calcúlate the 

room's reverberation time. These are: 

• Dimensions of the room 

• Type of materials in the room 

• Surface área of materials in the room 

As people and their clothing provide additional sound absorption, reverberation time is 

often calculated with the room unoccupied. 

There are several models used to calcúlate the reverberation time, but the first and most 

commonly used is the Wallace Sabine model [HyperPhysics 02], The Sabine equation 

(equation 24) for dimensions in metras is: 

0.163 *K 
Rj — 

s 

(Equation 24) 
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where the reverberation time (RT), in seconds, is directly proportional to the volume of 

the room (V) and inversely proportional to the room's effective absorbing área (S). The 

effective área is the sum of the product of an área (Si) covered by a particular material 

and the materiars absorption coefficient (tti). 

To provide a reproducible parameter, standard reverberation time has been defined as 

the time for the sound to die away to a level of 60 decibels below its original level 

[Hyperphysics 02]. 

The reverberant sound is the collection of all the reflected sounds in a room. As the 

sound energy is absorbed by múltiple interactions with the surfaces of the room, there 

are two possible situations: 

• In a more reflective room, it will take longer for the sound to die away. 

(the room will be described as acoustically liveO 

• In a very absorbent room, the sound will die away quickly 

(the room will be described as acoustically 'dead) 

But the time for reverberation to completely die away will depend upon how loud the 

sound was to begin with, and will also depend upon the acuity of the hearing of the 

observer. 

The usual way to measure reverberation is by calculating the direct-to-reverberant 

energy ratio. The direct-to-reverberant energy ratio cue results primarily from the 

diffuse reverberant sound-field present in environments with sound reflecting surfaces. 

This sound field is a collection of, perhaps, thousands of complex reflections: degraded, 

delayed, and attenuated copies of the original waveform. As source distance increases, 

reverberant energy remains roughly constant, although direct-path energy decreases by 

6 dB per doubling of source distance; henee, the direct-to-reverberant energy ratio, v, 

decreases [Zahorik 02]. The precise amount that v changes with distance depends 

critically on the amount of reverberant energy present, which is determined by the 

properties of the acoustic environment. For room environments, reverberant energy (as 

a function of time) is determined principally by the size of the room and the acoustic 

properties of the reflecting surfaces of the room. 
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Even though direct-to-reverberant energy ratio may be one of the most important 

distance cues for conveying a sense of environmental "space", human sensitivity to this 

cue in isolation is largely unknown [Zahorik 02b]. In fact, to date, there are few 

experiments to explicitly examine listeners' sensitivity to the direct-to-reverberant 

energy ratio [Zahorik 02b]. 

Large spaces, such as cathedrals and gymnasiums, usually have longer reverberation 

times and sound "hvely" or sometimes "boomy". However, small rooms, such as 

bedrooms and recording studios, are usually less reverberant and sound "dry" or "dead". 

At present, we have not considered the reverberation effect in our implemented model. 

The Nois R duction (NR) of a wall (expressed in dB) between two rooms is found by 

measuring what percentage of the sound produced in one room passes through the wall 

into the neighbouring room (Figure 21). NR is calculated by subtracting the noise level 

in dB in the receiving room from the noise level in the source room. 

Figure 21 Noise Reduction 

A commonly used one-number rating, called NRC, Noise Reduction Coefficient, is the 

average of the absorption coefficients of a material used in sound insulalion, measured 

at frequencies of 250, 500, 1000 and 2000 Hz [Truax 99]. 

The valúes of the absorption coefficient, the fraction of energy absorbed on striking any 

surface, range from O to 1 [Truax 99] Therefore, the valúes of the NRC will fall within 

this range as well. Moreover, the absorption coefficient is usually frequency dependent 

[Truax 99]. This is why we have to measure this valué at different frequencies. 
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HEARINGMODEL 

This simple, one-number rating can be useful for comparing the relative absorption of 

two materials. However, examining absorption coefficients in each octave band gives a 

better idea of the performance of a material at various frequencies. 

As NRC is frequency dependent and MASSIVE cannot adjust frequency, we have not 

considered this phenomenon in our implemented model at present. 

As we have explained in this section, the same boundary can produce different effects 

on sound propagation at different frequencies. For this reason, we propose classifying 

boundaries, depending on the frequency of the sound source that is striking the surface, 

as: 

• Absorbing Boundaries: The boundary absorbs the sound energy interrupting its 

propagation. 

• Transmitting Boundaries: The flow of sound energy passes through the 

boundary into the space beyond it, although part of this flow may be absorbed 

by this boundary. 

• Reflective Boundaries: The sound strikes the surface and changes direction. 

• Diffusive Boundaries: The sound strikes the surface and is scattered in many 

directions. 

• Dijjractive Boundaries: The sound strikes the boundary producing a diffraction 

effect. 

• Shadowy Boundaries: The sound strikes the boundary producing an acoustic 

shadow effect. 

Several of these actions can occur simultaneously, and, consequently, a boundary can be 

considered as absorbing and reflective at same time. Moreover, some boundaries 

depend on other parameters, physical factors or physical properties of the materials, 

like, for example, the absorbing and transmitting boundaries that depend on the 

absorption coefficient of a material used to build the boundary. But, basically, the 

boundary effect depends on the frequency at which the sound strikes it. For example, if 

the sound strikes the boundary at high frequencies, this boundary obstructs the free flow 

of sound energy, producing an acoustic shadow, and reducing the sound level within 
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this shadow zone. In this case, the boundary is acting as a shadowy boundary (Figure 

18). However, if the sound strikes the boundary at low frequencies, this boundary 

modifies the free flow of sound energy, producing a diffraction effect at the edges and 

reducing the sound level starting from its position, although the shadow effect is 

diminished. In this case, the boundary is acting as a diffractive boundary (Figure 19). 

Connecting this classification of boundaries with the boundaries classification 

established in this dissertation for a visual médium, we could say that, in general, a 

boundary in a hearing médium is a conditionally obstructive boundary, where the 

condition is the sound frequency. Depending on frequency, the conditional boundary 

can act as an obstructive boundary (absorbing, reflective or diffusive boundary), non-

obstructive boundary (transmitting boundaries) or transforming boundary {diffiactive 

or shadowy boundaries). Moreover, we can have a non-obstructive boundary acting as a 

physical adapter when it modifies the process of sound perception, like, for example, a 

hearing aid, or the process of sound projection, like a loudspeaker or a microphone. 

Taking a look at this classification and comparing it with the one we established for a 

visual médium in this dissertation, we find that there are two big differences between 

the two: 

1.- Neither boundary classification is exclusive and, therefore, the same boundary can 

lead to different actions simultaneously. 

2.- This classification takes into account the physical aspect of sound propagation, 

because this plays an important role in studying the effect of boundaries in a 

hearing médium. 

When a boundary modifies the flow of sound energy, it modifies the sound intensity 

and, therefore, its amplitude as well, modifying the flux of sound projection. On the 

other hand, physical adapters can modify the sound intensity, as well as the sound 

directivity, affecting not just the flux of sound projection, but also the clarity of 

perception. Directivity is important because it helps to indícate how much sound will be 

directed towards a specific área compared with all the sound energy being generated by 

a source. If you have a limited amount of sound energy available (as is the case of the 

human voice), you can increase the distance that your voice will cover by increasing the 
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directivity of your voice, which can be done by using adapters. For example, a person 

talking has a Q valué of approximately 2, but when he cups his hands around his mouth 

he increases the directivity of his voice in the direction he needs it to go. Similarly, 

someone talking through a megaphone may raise the Q valué of his voice to 15-20. 
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Awareness Functions 

The main objective of the set of awareness functions implemented in this dissertation is to 

endow the agent with "knowledge" of its surroundings, enabling this agent to gather enough 

infoímation about its virtual surroundings before making a decisión or executing a specific 

action and to be able to react satisfactorily, as we would do in the real life. 

This objective is especially important in a world where the interaction among agents/objects is 

fundamental: an agent needs to know what agents/objects it can perceive and the clarity of 

perception with which it can perceive the agent/object and its surroundings. For example, an 

agent needs to know whether anyone is going to bump into it, whether anyone is looking at it 

or simply how many agents there are at any one time inside the virtual world. 



AWARENESS FUNCTTONS 

In the Spatial Model of Interaction, an object can control its awareness, and henee its 

interaction, by manipulating its own auras, foci and nimbi [Benford 93a]. An additive model 

of awareness was proposed by Greenhalgh [Greenhalgh 97], which describes the 

unidirectional awareness of two negotiating objects. In this model, one object is the 

transmitter (Tx), which projects its presence by a nimbus, and the other one is the receiver 

(Rx), which projects its attention by a focus, and the three different kinds of awareness are: 

• No Awareness: when Tx is out of Rx's focus and Rx is out of Tx's nimbus. 

• Peripheral Awareness: when Tx is in Rx's focus or Rx is in Tx's nimbus but not both. 

• Full Awareness: when Tx is in Rx's focus and Rx is in Tx's nimbus. 

We are going to redefine the awareness classification from the agent perception point of view. 

Accordingly, we are going to propose two kinds of awareness: Awareness of Presence and 

Awareness ofltem. 

To give a better understanding of the meaning of this classification, we are going to introduce 

an overview of our general awareness architecture, where we propose dividing the process of 

perception defined throughout this dissertation inte two different blocks: 

- Perceptual engine: Implements concepts, such as focus, nimbus and flux of projection, 

which are common for all the agents in the environment. 

- Agent's perception: Implements concepts, such as the agent's clarity of perception, as 

well as the specific agent's parameters. 

Given an agent (A), the perceptual engine is in charge of getting the physical details, such as 

position, size or sound intensity, of all the objects/agents (which we will cali items) that are in 

the environment calculating their nimbus. The perceptual engine also asks the agent's 

perception component about the agent's perceptual details, calculating the agent's focus and 

outputting a list of all the items that can be perceived by this agent (A) according to these 

physical and perceptual details (Figure 1). 
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Give me Agent's Details 

Calcúlate 
Nimbus 

Calcúlate 
FOCUS 

Kind of Awareness 

ítems = Calcúlate 
Perceivable 
ítems 

Agent's Perception Perceptual Engine 

Figure 1 Awareness: sequence diagram 

í ^ 

Ítem r Agcnt • • : x 

\ 
\ , 

Médium 

Figure 2 Elements within the environment 

Generally, the awareness of presence that an agent has of an item, Ap(agent, item), is 

unidirectional and specific for each médium (Figure 2). Starting from the awareness 

implementation in MASSIVE, where awareness was the result of multiplying the focus by the 

nimbus, and bearing in mind that, in a visual médium, the agent is aware of the item only if 

there is an overlap between focus and nimbus (Figure 3), we propose to calcúlate the 

awareness of presence in a visual médium by the following integration across the 

environment: 

A p (agent, item) =J f(agent) * n(item) 

(Equation 1) 
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Figure 3 Focus-nimbus overlapping 

Where: 

Ap (agent, ítem): Represents the overlap between the focus and the nimbus. If this 

overlap is not nuil, it means that the agent is aware of the item's 

presence, getting the máximum valué 1. 

f (agent): Represents the physical área within which the agent can perceive an 

Ítem (focus). This área of physical perception is made up of a 

foreground región (FR) and a lateral región (LR). We will consider 

the máximum of both cones to calcúlate the awareness of presence. 

n(item): 

Focus (agent) = m'd\{ FocusFR(agent), FocusLR(agent)) 

(Equation 2) 

Represents the área within which an item projects its physical 

presence (nimbus). 

The agent's perception is quite different in a hearing médium, because, firstly, the sound has 

to be propagated inte the agent's focus and, secondly, the SIL with which the sound reaches 

the agent's ear has to be inside the audible range to determine the awareness of the item that 

the agent has of the sound. So, in a hearing médium, we propose to calcúlate the awareness of 

presence by the following formula (equation 3): 

Ap(agent,item) = p^_^Jitem)*a. (item) 

(Equation 3) 
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Where: 

• Ap(agent, item): Represents whether the item (the sound in this case) "effectively" 

projects inside the agerit's focus. If so, it means that the agent is 

aware of the item's projection, getting the máximum valué 1. 

• /'̂ ._>/ (item): Represents whether the item (the sound in this case) is propagated 

into the agent's focus. If so, the valué is 1, otherwise the associated 

valué is 0. 

• fiíy^ (agent): Represents whether the item (the sound in this case) reaching the 

agent's focus is inside the agent's audible range of perception. If so, 

the valué is 1, otherwise the associated valué is 0. 

The agent's perception will quantify and qualify agent A's clarity of perception of the item, 

getting an awareness ofitem. Depending on the distance of the item from the agent and the 

clarity of perception at that point, the awareness of item is classified as Very Low, Low, 

Médium, High and Very High. This kind of awareness is also unidirectional and specific for 

each médium, 

Generally, the awareness of an item, Ai (item) placed at a position will depend on the clarity 

of perception that the agent has of the item at the item's position, ClarityPerception (item), as 

well as the flux of projection, FluxProjection (item), that the item has at the agent's position. 

The greater the ClarityPerception (item) or the FluxProjection (item) are, the greater Ai (item) 

is (equation 4). Similarly, the lower ClarityPerception (item) or FluxProjection (item) are, the 

lower AI (item) is. As both functions depend on the agent-item distance, the shorter the 

distance is, the greater the valué of both functions and, therefore, the valué of Ai (item) is. But 

these are not the only two factors that have an influence on the awareness of an item, because 

each agent can filter which kinds of items it wants to perceive by means of an 

IntemalFilter(item) function, and this factor will condition the item's perception. So, we 

propose to calcúlate the awareness of item by the foUowing mathematical formula: 

AI (item) = IF (item) * (CP (item) * FP (item)) 

(Equation 4) 
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Where: 

Ai(item): 

IF(item): 

CP(item): 

FPfítem^: 

AWARENESS FUNCTIONS 

Represents how aware the agent is of the item. This awareness can 

be Very Low, Low, Médium, High and Very High. 

This function represents the intemal filter, which receives an item, 

analyses the agent's personal interests, its intemal model of 

personality, its mood, and depending on these parameters, retums a 

valué in the range [0,1]. The valué will be " 1 " if the item's 

characteristics match the agent's preferences or rules, for which it is 

programmed, and the valué will be "O" if the agent is going to ignore 

the item. In any other case, the valué of the intemal filter will be in 

the range (0,1). 

This function represents the clarity of perception that the agent has 

of the item as a function of the item's properties - such as item size, 

item position or item intensity - and the distance between the agent 

and the item. The clarity of perception function will be different 

depending on the item's position. In a visual médium, for a example, 

the clarity of perception covers two different regions (equation 5), 

where CPFR represents the clarity of perception that an agent has of 

an item when the perceptual engine determines that the item is inside 

the foreground región, and CPLR represents the clarity of perception 

that an agent has of an item when the perceptual engine determines 

that the item is inside the lateral región. Both functions (CPFR and 

CPLR) were analysed in previous chapters for visual and auditory 

perception. 

CP(item) = 
CPj^(item) iteme FR 

CP LR (item) item e LR 

(Equation 5) 

This function in the agent's perception block represents the flux of 

projection of an item at the agent's position. 

The better the agent can perceive an item, the more aware the agent is of this item. As this 

perception depends on the región within which the item is placed, we can add to the above 

classification as follows (Table 1). 
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Possible Situations Ap(agent,item) Perceptual Factors 

Ap(agent,item)=0 

Ap(agent,item)=l 

0<=IF(item)<=l 

CP{item) = O 

FP{item) = O 

0<=IF(iteTn)<=l 

CP(item)=CPFR(item) 

FP{item) /= O 

Región 

None 

Foreground 

Awarnes.s ofiíem 

A[(iteTn) 

Nuil 

High/Average 

/Low 

0<=Ap(agent,item)<= 1 

0<=IF(item)<=l 

CP(item)==CPLR(item) 

FP(item) /= O 

Lateral Low 

Table 1. Awareness of ítem 
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Implementation 

In this chapter, we are going to give an overview of how the human-like agent's 

perception model has been implemented. 

This implementation, developed in Visual C++, focuses on the construction of a library 

to be integrated with a prototype system built using the MASSIVE-3 CVE system and 

the SIM_AGENT toolkit for developing agents. Throughout this dissertation, we will 

refer to the first prototype resulting from the integration of the MASSIVE-3 system and 

the SM.AGENT toolkit as MASSIM.AGENT. MASSIM_AGENT (Figure 1) was 

developed by combining research conducted at the Decoroso Crespo Laboratory at the 

Universidad Politécnica de Madrid's School of Computer Science and at the Mixed 

Reality Laboratory (MRL) at University of Nottingham's School of Computer Science 

and Information Technology. 



Figure i A commentator agent in MASSIMAGENT 

8.1. MASSIMAGENT 

In this section, we are going to very briefly explain what the main features of 

MASSIVE-3 and SIM_AGENT are and the interface between the two. 

8.1.1. MASSIVE-3 

A lot has already been said about this distributed multi-user virtual reality system. 

MASSIVE-3 has previously been used in appHcations such as on-line drama [Graven 

00], performance art [Benford 00], and virtual 'inhabited' televisión [Greenhalgh 99d]. 

MASSIVE-3 has a number of features, previously described in the "Theoretical 

Principies" chapter, which make it particularly suitable for our work. One of these is the 

ability to record and replay events in the virtual world [Greenhalgh 00b]. Such 

recordings can ease the development of agents by providing standardised environments 

for testing and evaluation: different versions of an agent can be tested against exactly 

the same (recorded) social scenario. 

8.1.2. SIM_AGENT 

SIM_AGENT is an arehitecture-neutral toolkit, oríginally developed to support the 

exploration of altemative agent architectures [Sloman 96], [Sloman 99b]. It can be run 

both as a puré simulation tool to simúlate, e.g., software agents in an Internet 

environment or physical agents and their environment, and as an implementation 

language for, e.g., software agents or the controller for a physical robot. 

SIM_AGENT has been used in a variety of research and applied projects, including 

studies of affective and deliberative control in simple agent systems [Scheutz 01] and 

simulation of tank commanders in military training simulations [Baxter 99]. 
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8.1.3. MASSIM_AGENT 

SIM_AGENT has its own methods for getting information from the environment; the 

main problem conceming integration with MASSIVE-3 has been to override these 

default methods and get the infonnation from the MASSIVE-3 environment (Figure 2). 

On the other hand, once SIM_AGENT has enough information from the 3D 

environment, this information is used by the SIM_AGENT methods to take its own 

actions and decisions, subsequently updating the MASSIVE-3 environment [Logan 

02]. 

Action to be 
executed 

Environment 
information 

Figure 2 MASSIM_AGENT communication 
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SIM AGENT 

Environment 
information 

Action to be 
executed 

Figure 3 MASSIMAGENT communication 

Figure 2 and Figure 3 show how an agent in MASSIM_AGENT is provided with 

information about the environment by MASSIVE-3. If this happens, an agent in 

MASSIM_AGENT will be able to experience any virtual simulated environment in 

real-time. Moreover, the agent will respond to stimuli from its environment, then having 

the possibility of interacting rather naturally. 

Before executing any action, SEV[_AGENT has to request permission from MASSIVE-

3. If no objection is raised, the action can be executed inside the MASSIVE-3 

environment and then MASSIVE-3 will automatically send updated information to 

SIM_AGENT before starting with the next cycle. 

A possible example of this behaviour would be as follows: according to its pre-

established rules, an agent has to move from one position to another inside the 

environment. Before doing so, it has to make a request to MASSIVE-3, and this 

movement could be approved or refused depending on the MASSIVE-3 collision 

detection algorithm. 

This information is related to the object's physical position in the environment, as well 

as its geometrical data. Our implementation will extend this information, providing the 
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agent with a human-like perception of the environment, necessary to behave with more 

believability, according to some pre-established rules. 

8.2. MASSIMAGENTINTERFACE 

In this section, we are going to describe how MASSIVE-3 and SIM_AGENT have been 

integrated. 

We have built an interface (Figure 4) that allows a new environment to be created or an 

environment that has been previously created to be opened and agents, govemed by 

SIM_AGENT, to be introduced into this environment. 

Action to be 
executed 

MASSIM_AGENT 
INTERFACE 

Environment 
information 

Figure 4 MASSIMAGENT 

In MASSIVE-3, every environment has an associated ñame and label to identify and 

distinguish it from other environments. 

An object in Massive is an instance of the Object class. This class contains a set of 

attributes that store the object's physical factors, such as position, orientation and scale. 

These attributes have played an important role in this integration. 
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Before introducing an object inside an environment, the object builder has to be called 

using the following parameters: 

Object(Massive *in, char *geom, float x, float y, float z, float yrot) 

where: 

m -^ contains information related to the environment within 

which we are going to introduce the object. 

geom -> contains information related to the object geometry. 

X, y, z -> are the co-ordinates that represent the position at which 

we want to introduce the object in the environment. 

yrot -» represents the orientation with which we introduce the 

object inside the environment. 

Once the object has been introduced inte the environment, this object can be translated, 

rotated or scaled, using the following Massive methods: 

void setPosition(float x, float y, float z, float yrot) 

void setRotation(float x, float y, float z) 

void setScale(float sx, float sy, float sz) 

void growUpToScale(float scale, float velocity) 

The main difference between the last two procedures is the scaling method. The first 

one scales the object's size relatively to each of the axes according to each of the valúes 

introduced as parameters in the function, while the second one scales the object slowly 

and uniformly, according to the velocity introduced as a parameter in the function. 

We can also make some changes together. This is the case of the 

setRotateScaleTranslate procedure, which modifies the object's position, rotation and 

scale at the same time. This method receives the following parameters: 

void setRotateScaleTranslate(Point3D origin, Radian_t rx, Radian_t ry, Radian_t rz, 

PointSD scale, PointBD trans) 
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where: 

Point3D origin -^ represents the original position of the object. 

Radianj rx -> represents the angle (related to the x-axis) to be rotated. 

RadianJ ry -> represents the angle (related to the y-axis) to be rotated. 

Radian_t rz -> represents the angle (related to the z-axis) to be rotated. 

PointSD scale —> represents the object's new scale. 

PointSD trans -^ represents the object's displacement to the final position of the object. 

As regards object movement, we can move the object inside the environment, assigning 

a trajectory to the object and a speed related to each of the axes, tuming it around the 

axes or stopping movement. These kinds of movements are carried out by the following 

methods respectively: 

void setTrajectory(float x, float y, float z) 

void setSpin(float x, float y, float z) 

void stopMovementO; 

Moreover, this interface contains a set of functions and methods that we had to export 

from MASSrVE to SIM_AGENT. For presentation, we have made a distinction 

between functions that have been exported for general purposes (Table 1), functions that 

have been exported for getting Information about objects that have been created by 

MASSIVE or by a SIM_Agent client (Table 2) and, finally, objects that have been 

created by SIM_Agent (Table 3). 

Bearing in mind that the main idea of this integration was to introduce agents to inhabit 

MASSIVE, we have had to introduce new classes, attributes and methods in 

MASSIM_AGENT, in addition to those introduced by the Massive object class. This is 

the case of the Robot class, which introduces some new attributes, like, for example, 

dataFocusNimbus. Also, methods, like, for example, awarenessinfo, have been 

introduced into this class to implement the perceptual model. 

We also had to use some tricks because of the way MASSIVE deals with its objects in 

the environment. For example, the ñame of the objects in MASSIVE (char *name) 

corresponds to the ñame of the dgl file associated with the object. When a function 
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receives an object's ñame, if we need to distinguish between the objects that have the 

same associated dgl file, then we have to introduce a second parameter into the function. 

This parameter, called index, is operational when there is more than one object in the 

environment with the same ñame. 

EXPORTED FUNCTION DESCRIPTION 

Massive *getMassive() 

Massive *joinMassive 

(char *environment) 

Robot *massÍveObjectNew (char 

*geom, double x, 

double y, double z, 

double yrot) 

Void massiveObjectSetRotation 

(Robot *object, double x, 

double y, double z) 

void massiveObjectSetPosition 

(Robot *object, double x, 

double y, double z) 

This function initialises MASSIVE (if it has not been 

initialised yet), as well as getting information about the 

environment. 

This function joins an agent made in SIM_AGENT to a 

MASSIVE environment. 

This function introduces a new object inside the 

environment, receiving the object's geometry (geom), the 

object's position, given by the co-ordinates x, y and z, 

and its orientation, given hy yrot. 

This procedure rotates a Robot object an amount given 

by the angles x, y and z. Theses angles are given in 

degrees. They represent the angles measured for each 

axis (x, y and z respectively). 

This procedure introduces a previously created Robot 

object at the position given by the x, y and z co-ordinates. 

Table 1. For general purposes 

FUNCTION EXPORTED DESCRIPTION 

void massiveObjectMove 

(Robot *object, double x, 

double y, double z, 

double yrot) 

void massiveObjectSetScale 

(Robot *object,double sx, 

double sy, double sz) 

This procedure shifts a Robot object to the x, y and z 

co-ordinates. Moreover, it is possible to rotate the 

object an angle "yrot" related to the y-axis. 

This procedure modifies the Robot object scale, 

reproducing the object to the scale given by the 

parameters sx, sy and sz. 

Table 2. For objects that have been created by MASSIVE or a SIMAgent client 
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IMPLEMENTATION 

EXPORTEEÍFUÑGTIÓN DÉSeRIPTIOÑ: 

void massiveObjectGrowUp 

(Robot *object, double scale, 

double velocity) 

void massiveObjectTrajectory 

(Robot *object, double x, 

double y, double z) 

void massiveObjectSpin 

(Robot *object, double x, 

double y, double z) 

void massiveObjectStop 

(Robot *object) 

void massiveObjectDelete 

(Robot *object) 

int massiveDefaultlsObject 

(char *name, int index) 

double 

MassiveDefaultGetPositionX 

(char *name, int index) 

double 

MassiveDefaultGetPositionY 

(char *name, int index) 

double 

MassiveDefaultGetPositionZ 

(char *name, int index) 

This procedure slowly increases the Robot object's 

scale, according to the velocity introduced as a 

parameter in the procedure. 

This procedure assigns a trajectory to the Robot 

object. This trajectory is given by the parameters x, y 

and z. They represent the speed related to each axis 

(x, y and z respectively). 

This procedure tums the Robot object around the 

axes X, y and z, according to the combination of 

valúes given as parameters. This rotation is given by 

the parameters x, y and z. They represent the angle of 

rotation related to each axis (x, y and z, respectively). 

This procedure stops any kind of movement that the 

Robot object is making. 

This procedure deletes a Robot object. 

This function receives an object's ñame and its index 

- which allows it to distinguish between objects 

having the same associated dgl file - , retuming 0 if 

this object is not inside the environment and 1 in any 

other case. 

This function receives an object's ñame and its index, 

retuming its x co-ordinate. 

This function receives an object's ñame and its index, 

retuming its y co-ordinate. 

This function receives an object's ñame and its index, 

retuming its z co-ordinate. 

Table 2. For objects that have been created by MASSIVE or a SIM_Agent client (continued) 
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EXPORTED FUNCTION DESCRIPTION 

double 

massiveDefaultGetHeading(char 

*name, int index) 

void 

massiveObjectSetPositionltemData 

(ItemData *object, double x, 

double y, double z) 

void 

massi veObj ectSetRotationltemData 

(ItemData *object, double x, 

double y, double z) 

void 

massiveObjectSetScaleltemData 

(ItemData *object, double x, 

double y, double z) 

void 

massiveObjectSetTrajectoryltem 

Data(ItemData *object, double x, 

double y, double z) 

This function receives an object's ñame and its index, 

retuming the object's rotation angle and its gaze 

direction (given in radians) 

This procedure changes the object's position to the 

position given by the x, y and z co-ordinates. These 

valúes are introduced as parameters in this procedure. 

This procedure rotates the object an amount given by 

the angles x, y and z. These angles are given in 

degrees. They represent the angles measured for each 

axis (x, y and z, respectively). 

This procedure modifies the object's scale, 

reproducing the object to the scale given by the 

parameters x, y and z. 

This procedure assigns a trajectory to the object. This 

trajectory is given by the parameters x, y and z. These 

parameters represent the speed related to each axis (x, 

y and z, respectively). 

Table 2. For objects that have been created by MASSIVE or a SIM_Agent client (continued) 

EXPORTED FUNCTION DESCRIPTION 

double massiveObjectPositionX 

(Robot *object) 

double massiveObjectPositionY 

(Robot *object) 

double massiveObjectPositionZ 

(Robot *object) 

This function retums the Robot object's position related 

to the x-axis. 

This function retums the Robot object's position related 

to the y-axis. 

This function retums the Robot object's position related 

to the z-axis. 

Table 3. For objects that have been created by SIMAgent 
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double 

massi veObj ectXOrientatíon 

(Robot *object) 

double 

massiveObjectYOrientation 

(Robot *object) 

double 

massiveObjectZOrientation 

(Robot *object) 

void massiveAmigo 

(Robot *object) 

ret_position 

*massiveDefaultGetPosition 

(char *name, int index) 

void massiveCreateListO 

int massiveNumberObjectsO 

char *massiveObjectNameList() 

ItemData 

*massiveObjectStructList() 

void initData (int label, 

double visualAcuity, double 

focLv, double focFv) 

This function retums the Robot object's orientation 

relatad to the x-axis. 

This function retums the Robot object's orientation 

related to the y-axis. 

This function retums the Robot object's orientation 

related to the z-axis. 

This procedure checks if the object is inside this object's 

aura. This Information is shown on the computer screen. 

This function receives an object's ñame and an index, 

retuming a "ret_position" structure. This structure 

pro vides us with Information about the object's position 

in the environment. 

This procedure creates a list with the objects that are 

inside the environment. 

This function retums the number of objects inside the 

environment. 

This function looks over Massive's list of objects, 

retuming the ñame of the first element on the list. 

This function looks over Massive'slist of objects, 

retuming an ItemData (pointer to the first element on the 

list). 

This procedure initialises the visual perceptual agent 

attributes, where "label" is the object/agent identifier, 

"visualAcuity" is the agent's visual acuity, "focLv" is the 

lateral opening of the agent's focus and "focFv" is the 

foreground opening of the agent's focus. 

Table 3. For objects that have been created by SIMAgent (continued) 
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EXPORTED FUNCTION 

void initData (int label, double 

agentAzimuthAngle, double 

agentElevationAngle) 

DESCRIPTION 

This procedure initialises the visual perceptual agent 

attributes, where "label" is the object/agent identifier, 

"agentAzimuthAngle" is the agent's azimuth angle and 

"agentElevationAngle is the agent's elevation angle. 

Table 3. For object$ that have been created by SIM_Agent (continued) 

We can also classify these methods depending on the action to be carried out in 

MASS]M_AGENT. Accordingly,, we can draw up the following classification (Figure 

5), bearing in mind Figure 2 introduced in the previous section 

8.3. ARCHITECTURAL OVERVIEW 

In this section, we are going to describe the constituent parts of the implementation of 

our perceptual model and how it has been integrated with MASSIVE, SIM_AGENT 

and the MASSIM_AGENT interface (Figure 6 and Figure 7). 
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Action to be 
executed 

Massive* getMassiveO 
Massive* joinMassive(char *environme[it) 
Robot * massiveObjectNew(char *geom, double x, double y, double z) 
void massiveObjectSelRotation{Robot *object, double x, double y, double z) 
void massiveObjectSetPosition(Robot *object, double x, double y, double z) 
void massiveObjectSetPositionltemData{ItemData *object, double x, double y, double z) 
void massiveObjeclSetRotalionl[emData{ItemData *object, double x, double y, double z) 
void massiveObjectSetScaleltemDataíItemData *object, doubie x, double y, double z) 
void massiveObjectSetTrajectoryIlemData(IteniData *objecl, double x, double y, double z) 
void massiveObjectMove(Robot *object, double x, double y, double z, double yrot) 
void massiveObjectGrowUp(Robot *object, double scale, double velocity) 
void massiveObjectSetScale (Robot *object,double sx, double sy, double sz) 
void massiveObjectTrajectory(Robot *object,double x, double y, double z) 
void massiveObjectSpin(Robot *object,double x, double y, double z) 
void massiveObjectStop(Robot *object) 
void massiveObjeclDelele(Robol *object) 
void mass¡veAmigo(Robot *object) 
void massiveCreateListO 
void initData (int label, double visualAcuity, double focLv, double focFv) 
void initData (int label, double agentAzimuthAngle, double agentElevationAngle) 

int massiveDefaultIsObject(char *name, int index) 
double massiveDefau!tGetPositionX(char *name, int index) 
double massiveDefaultGetPositionY{cliar *name, int index) 
double massiveDefaultGetPositionZ(char *name, int index) 
double massiveDefaultGetHeading(cliar *name, int index) 
double massiveObjectPositionX(Robot *object) 
double massÍveObjectPositionY(Robot *object) 
double massiveObjectPositionZ(Roboi *object) 
double massiveObjectXOrientation(Robot *object) 
double massiveObjectYOrientation(Robot *object) 
double massiveObjectZOrientatioii(Robot *object) 
ret_position * massive De faultGetPosition(char *name, int index) 
int massiveNumberObjects{) 
char *massiveObjectNameList() 
ItemData *massiveObjectStructList{) 

Environment 
information 

Figure 5 MASSIM_AGENT interface 
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SIM AGENT 
• ^^^••Zi^^üi. 
:m&>íí)mm 

•1 r 

Agent 1 

List of 
ítems 

Personal 
Details 

Action to be 
executed 

Agent 2 

Action to be 
executed 

PERCEPTUAL 
ENGINE 

(focus, nimbus, flux of projection, 
awareness) 

Geometrical 
Information 

(size, positions, boundaries) 

MASSIM_AGENT 
INTERFACE Environment 

information 

MASSIVE-3 

Figure 6 Agent's architecture ¡n SIM_AGENT 
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IMPLEMENTATION 

The human-like agent perception model has been implemented as an independent 

object-oriented library to be integrated in MASSM-AGENT, and most of the key 

human concepts (and methods related to these concepts) defined in this dissertation, 

like, for example, visual or hearing acuities, the distance of resolution or the clarity of 

perception, have been implemented inside this Ubrary. Moreover, the implementation of 

our perceptual model has been spht into two different components: Perceptual Engine 

and Agent 's Perception. 

The perceptual engine triggers a sequence of interactions across the agent 's perception 

component, MASSIM_AGENT, MASSIVE-3 and all the existing agents in SIM_AGENT. 

First, the perceptual engine interacts with MASSIVE-3 to join an environment 

(joinMassiveQ), introducing some objects inside this environment 

(massiveObjectNewQ) and making a list of these objects {massiveCreateListQ). 

Then the perceptual engine calculates the nimbus for all the objects that have been 

created inside the environment. Once it has associated a nimbus with each of these 

objects, the perceptual engine also has to calcúlate the agent's focus for all the agents 

created by SIM_AGENT. Before calculating the agent's focus, the perceptual engine 

needs to ask the agent's perception component about the perceptual details of every 

agent that inhabits the environment. The required details depend on the human sense to 

besimulated. 

Once the perceptual engine has calculated the foci and nimbi shapes, it determines the 

perceivable items, and, from then onwards, the agent's perception block will just 

concéntrate on determining the clarity of perception for these items. 

This perceptual information is sent to SIM_AGENT for a decisión to be made on the 

actions to be executed by the agent. These decisions are made by the agent's central 

processing component, which contains a set of pre-established rules. 

A special situation will arise if there is a boundary between the agent and the object to 

be perceived. If this happens, the agent 's perception needs to ask to the perceptual 
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engine about the boundaries before calculating how the clarity of perception is modified 

by their presence. 

8.4. PERCEPTUAL MODEL IMPLEMENTATION 

In this section, we are going to generally describe the static structure of our library, in 

terms of classes and relationships between these classes. Classes are represented by 

simple rectangles, within which the ñame of the class appears, and the inheritance 

relationship between the classes is represented by an arrow, which starts from the 

derived (o child) class and ends at the base (o parent) class. Similarly, an association is 

represented by a line and an aggregation is represented by a diamond. 

The implementation of our perceptual library is based on the following hierarchy 

(Figure 8). 

_¿. 
Scenario 

Object <j Agent 

Nimbus Focus 

O 
List Objects 

tobe 
perceived 

Figure 8 Classes hierarchy 

As we can see from Figure 7, the Agent class inherits from the Object class. An Object 

has an aggregated Nimbus and an Agent has an aggregated Focus, as well as the list of 

objects to be perceived. This list of objects is an aggregate of Object. A Scenario is also 

an aggregate of Object. 

The most important methods associated with these classes will be detailed throughout 

this section, as we explain why we have implemented them and how they work in our 

model. 
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8.4.1 VISUAL PERCEPTION 

In this case, the Object class contains some prívate attributes providing information 

about the object's label, position, orientation and sPiape. The shape attribute valué is 

related to the object's bounding box, and it can have two different valúes (rectangle or 

circle) depending on the bounding box shape. This class also contains an attribute called 

signalProcessor, which provides infonnation related to the signal processor type (none, 

boundary or adapter) and the kind of adapter (amplifier or reducer) or boundary (non-

obstructive, obstructive and transformer), if any. This attribute plays an important role 

when the object is acting as a signal processor in determining how its presence affects 

the process of perception in the environment. 

An Object has an associated Nimbus, which has three prívate and real attríbutes: 

semiAxisjc, semiAxis_y and semiAxisz. These attributes represent the semi-axes of an 

ellipsoid (parameters a, b and c in equation 7 in chapter 5 of this dissertation), or the 

radius of a sphere (parameter R in equation 8 in chapter 5 of this dissertation) if they all 

have the same valué. 

The Agent class inherits from the Object class, having all its attributes plus the attributes 

that characterise the human-like perception system of each and every agent in the 

environment, such as visualAcuity (VA in chapter 5 of this dissertation). 

An Agent has an associated Focus, which has three prívate and real attributes to define 

and work with the focus and nimbus shapes . The set of focus attributes is composed of 

some angles, such as angleForeground (variable variables 9' in equation 5 in chapter 5 

of this dissertation), angleLateral (variable variables 9 in equation 5 in chapter 5 of this 

dissertation) and coneOrientation (variables W, Oand ^m equation 6 in chapter 5 of this 

dissertation), which determine the central and lateral cone opening, as well as its 

orientation, respectively. 

The perceptual method employed to implement our perceptual model is described in the 

next two tables (Tables 4 and 5). 
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TZCone 

ForegroundCone 

(double X, double y) 

TZCone 

LateralCone 

(double X, double y) 

TZFocus CalcúlateVisualFocus () 

TNimbus NimbusGeometryO 

Tcoordinates NimbusEUipsoid 

(double angleA, double angleP) 

TCoordinates NimbusSphere 

(double angleA, double angleP) 

bool 

ExistlntersectionNimbusForeground 

(CObject *object) 

This method implements the focus equation 

according to equation 5 introduced in chapter 5 of 

this dissertation and retums a structure containing 

the two z valúes (upper and lower) associated with 

the foreground cone of visión. 

This method implements the focus equation 

according to equation 5 introduced in chapter 5 of 

this dissertation and retums a structure containing 

the two z valúes (upper and lower) associated with 

the lateral cone of visión. 

This method calis the two previous methods-

ForegroundCone (double x, double y) and 

LateralCone (double x, double y) - retuming a 

structure containing the other two structures as 

valúes associated with the foreground and lateral 

cone of visión. 

This method determines the right nimbus shape 

(sphere or ellipsoid). 

This method calculates the nimbus equation 

according to equation 7 introduced in chapter 5 of 

this dissertation and retums a structure containing 

the three co-ordinates in the space related to an 

ellipsoid. 

This method calculates the nimbus equation 

according to equation 8 introduced in chapter 5 of 

this dissertation and retums a stmcture containing 

the three co-ordinates in the space related to a 

sphere. 

It determines if there is an intersection between 

the observer's foreground focus and an observed 

object's nimbus. 

Table 4. Perceptual Engine 
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METHOD DESCRIPTION 

list<CPoint3D> 

IntersectionNimbusForeground 

(CObject *object) 

bool 

ExistlntersectionNimbusLateral 

(CObject *object) 

list<CPoint3D> 

IntersectionNimbusLateral 

(CObject *object) 

bool IsObjectFV (CObject *object) 

bool IsObjectLV (CObject *object) 

bool IsThereSignalProcessor 

(CObject *object, CObject *obstacle) 

bool 

ExitsObstaclesHalfWayForeground 

(CObject *object) 

bool ExitsObstaclesHalfWayLateral 

(CObject *object) 

list<THalfWay> 

ObstaclesHalfWayForeground 

(CObject *object) 

It establishes the intersection between the 

observer's foreground focus and an observed 

object's nimbus, if any. 

It establishes if there is an intersection between 

the observer's lateral focus and an observed 

object's nimbus. 

It establishes the intersection between the 

observer's lateral focus and an observed object's 

nimbus, if any. 

It determines if the object is inside the foreground 

cone of visión. 

It determines if the object is inside the lateral cone 

of visión. 

It establishes if the object "obstacle" is acting as a 

signal processor in the perception that the agent 

has of the object "object". 

It determines if any of the objects surrounding the 

observer in the environment is inside the 

foreground focus of perception and interferes with 

the normal perception that this agent has of the 

object "object". 

It determines if any of the objects surrounding the 

observer in the environment is inside the lateral 

focus of perception and interferes with the normal 

perception that this agent has of the object 

"object". 

It retums a list containing the half-way objects 

that are acting as obstacles and the points 

delimiting the intersection between the agent's 

foreground focus and the obstacles. 

Table 4. Perceptual Engine (continued) 
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Í^ETHOD: DESCRIPTION 

list<THalfWay> 

ObstaclesHalfWayLateral 

(CObject *object) 

It retums a list containing the half-way objects that 

are acting as obstacles and the points delimiting the 

intersection between the agent's lateral focus and 

the obstacles. 

Table 4. Perceptual Engine (continued) 

::ívffiflóp;f íBfltií::";: > 

bool IsPossibleResolveObject 

(CObject *object) 

double DistanceResolution 

(CObject *object) 

float ForegroundClarity 

(CObject *object) 

float LateralClarity 

(CObject *object) 

float ClarityPerceptionSP 

(CObject *object, 

CObject *obstacle) 

list<TClarityP6rception> 

VisualClarityPerception 

(CObject *object) 

It establishes if the agent can perceive an object at 

the position at which it is placed. 

It calculates the distance that this agent needs to 

perceive an object. 

It retums the clarity of perception that the agent has 

of the object "object" in the área of foreground 

perception, according to equation 9 introduced in 

chapter 5 of this dissertation. 

It retums the clarity of perception that the agent has 

of the object "object" in the área of lateral 

perception, according to equations 9 and 10 

introduced in chapter 5 of this dissertation. 

It retums the clarity of perception that the agent has 

of the object "object" modifíed by the presence of 

an "obstacle" that is acting as a signal processor. 

It retums the clarity of perception that the agent has 

of the object "object" The valué retumed by this 

function is a list of structures belonging to 

TClarityPerception. This type contains the clarity of 

perception and the points limiting the área of 

perception perpendicular to the perceptual direction 

in which the agent has clarity of perception. 

Table 5. Agent's Perception 
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The interaction between the classes described in this section is shown in Figure 9, from 

which we can see the iteration over the list of objects to access each of the objects in the 

list (nexíQ), as well as the object's details {NimbusGeometryQ). 

The NimbusGeometryOmethod detennines the nimbus geometry (sphere or eUipsoid) of 

the objects in the environment. Depending on the nimbus geometry, the object's nimbus 

shape is given by the methods NimbusEUipsoid (angleA, angleP) or NimbusSphere 

(angleA, angleP). 

A similar iteration takes place to access the elements of the list of agents to calcúlate the 

focus shape, which is given by the methods ForegroundCone(x,y) and 

LateralCone(x,y). 

r 
Throughout 

the list 
of objects < 

next() 

Scenario 

NimbusGeometryO 
• 

NimbusEUipsoid 
(angleA, angleP) / 

NimbusSphere 
(angleA, angkP) 

• 

:ObJect 

— a 
Throughout 

the list 
of agents 

< 
next() 

Scenario 

Object Nimbus 

lculateVisuaiFocus(; 
• 

ForegroundCone(x,y) 
LateralCone(x,y) 

:Agent Agent Focus 

Figure 9 Sequence Diagram 

To calcúlate the VisualClarityPerception(object) that an agent has of an object/agent 

based on the theoretical concepts explained throughout this dissertation (Figures 10 and 

11), it is necessary, firstly, to determine if any of the objects in the environment is 

interfering in the perception that this agent has of the object to be perceived. This means 

that the agent's perception has to ask the perceptual engine if there is any obstacle(s) 

half way and, if so, which object(s) it is. This Information is given by the methods 

ExistObstaclesHalfWayForeground (object), ObstaclesHalffVayForeground (object), 

ExistObstaclesHalfWayLateral(object) and ObstaclesHalfWayLateral (object). 
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Once the perceptual engine provides the agent's perception component with this 

information, the agent's perception component knows if there are obstacles half way 

and which are acting as obstacles. Each of these obstacles will modify the Clarity of 

perception differently depending on whether it is a boundary or an adapten This 

modification is calculated by the method ClarityPerceptionSP (object, obstacle), which 

retums the clarity of perception modified by this signal processor. 

However, if there are no obstacles in the environment interfering with agent perception, 

the methods ExistIntersectionNmbusForeground(object) and 

ExistIntersectionNimbusLateral(object) determine if there is awareness. If there are any 

such intersections, this method will cali to IntersectionNimbusForeground (object) or 

IntersectionNimbusLateral (object), respectively, to determine where this intersection 

is. 

If the object is located in either of the two áreas of visión of the agent, it is time to 

determine if the agent can perceive the object at that position using the method 

IsPossibleResolveObject(object). We then calcúlate the clarity of perception that the 

agent has of the object in the área in which it is placed (foreground or lateral, 

respectively) using the methods ForegroundClarity(object) and LateralClarity(object), 

as well as the área within which the agent has such clarity of perception. 
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VisualClarityPerception(object) 

ExistObstaclesHalfWayForeground(object) 

ObstaclesHalfWayForeground (object) 

ExistObstaclesHalfWayLateral (object) 

ObstaclesHalfWayLateral (object) 

ClarityPerceptionSP (object, obstada) 

ExistlntersectionNimbusForeground(object) 

IntersectionNimbusForeground (object) 

ExistIntersectionNimbusLateral(obj ect) 

IntersectionNimbusLateral (object) 

Agent's 
Perceptioii 

IsPossibleResolveObject (object) 

ForegroundClaríty (object)/ 
LateralClarity (object) 

Perceptual 
Engine 

Figure 9 Sequence Diagram 

Figure 10 Visual Ferception 
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8.4.2 HEARING PERCEPTION 

In this case the object is a sound, which contains some prívate attributes providing 

information about the sound's label, position, orientation and loudness. This class also 

contains an attribute called signalProcessor, which gives infonnation about the sound's 

physical properties. This attribute plays an important role when the source is acting as a 

signal processor (adaptar, transparent, transmitting, absorbing, reflecting or diffusing) in 

determining how its presence affects the process of perception in the environment. 

A %ound has an aggregated Nimbus. As the nimbus shape in the hearing perceptual 

model is a cardioid, then it needs an attribute caWed parameterCardioid to represent the 

parameter "a" introduced in equations 10 and 11 in chapter 6 of this dissertation. 

The Agent class inherits from the Objecí class and introduces the private attributes that 

characterise the auditory human-like perceptual system of each and every agent in the 

environment, such as the loudness audioAcuity, which should be introduced in the range 

of valúes expressed in Table 1 in chapter 6 of this dissertation. 

An Agent has an associated Focus, which contains a set of private attributes to define 

and work with the focus and nimbus shapes. The set of focus attributes is composed of 

some angles, such as azimuthAngle (variable variables 9 in equation 16 in chapter 6 of 

this dissertation),and elevationAngle (variable variables <p in equation 16 in chapter 6 of 

this dissertation), which determine the cone opening, as well as its orientation 

coneOrientation (variables W, Q and ^ in equation 17 in chapter 5 of this dissertation), 

which determine the central and lateral cone opening, as well as its orientation, 

respectively. 

The perceptual method employed to implement our perceptual model is described in the 

next two tables (Tables 6 and 7). 
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METHOD DESCRIPTÍON 

TZAudioCone 

AudioCone 

(double X, double y) 

TZAudioCone CalculateAudioFocus () 

TCoordinates Cardioid (double a, 

double angleA, double angleP) 

Tcoordinates CalculateAudioNimbusQ 

int WhereIsSource (CObject *object) 

list<double> 

CardioidlntensityToBeHeard 

(CObject *object) 

This method implements the focus equation 

according to equation 16 introduced in chapter 6 

of this dissertation and retums a structure 

containing the two z valúes (upper and lower) 

associated with the foreground cone of auditory 

perception. 

This method calis calcúlate the auditory focus of 

perception by calling the previous method-

AudioCone(double X, double y). 

This method imiplenients the nimbus cardioid 

introduced in chapter 6 of this dissertation and 

retums a structure containing the three co-

ordinates in the space related to a cardioid. 

This method calcúlales the auditory nimbus by 

calling the previous method- Cardioid(douhle x, 

double y). 

Determines where the localised sound source is, 

retuming 0 if the source is out of the agent's 

cone of hearing perception, 1 if the source is in 

the front área of the agent's cone of hearing 

perception and 2 if the source is in the back área 

of the agent's cone of hearing perception. 

This method coUects all the valúes of the 

"cardioid radius" at which there is an 

intersection with the focus, calculating the 

associated intensity for each and every radius 

and retuming a list with all the intensities that 

can be perceived by the agent. 

Table 6. Perceptual Engine 
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double AngleBetweenSources 

(CObject*objectl, 

CObject *object2) 

boolExitsObstaclesHalfWayAudioCone 

(CObject *object) 

list<THalfWay> 

ObstaclesHalfWayAudioCone 

(CObject *object) 

double Power(CObject *object) 

CObject SourceModifiedSP 

(CObject *object) 

double MaxIntensityToBeHeard 

(list<double> listlntensity) 

Retums the angle that the sources objectl 

and object2 have in the space. 

This method determines if there is any 

obstacle placed half-way between the 

listener and the source. 

Thls method retums a list of structures, 

which contains Information, such as the 

label, the position, the loudness and the type 

of signal processor, of the objects that are 

placed half-way between the listener and 

the source and are, therefore, acting as 

obstacles. 

It retums the sound source power 

associated with the sound. 

Calculates sound source parameters 

tnodified by the presence of a signal 

processor in the environment and retums 

another sound source with these attributes. 

rhe retuming sound source would be 

equivalent to this source in the absence of 

signal processors in the environment. 

Receives a list of intensities and retums the 

máximum intensity (of all of them) that can 

be heard by an agent endowed with a 

human-iike audible range (Table 1 in 

chapter 6 of this dissertatipn). 

Table 6. Perceptual Engine (continued) 
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METHOD DESCRIPTION 

double MinlntensityToBeHeard 

(list<double> listlntensity) 

bool IsPossiblePerceiveAsDifferent 

(CObject *objectl, CObject *object2) 

bool IsPossibleHearSound 

(double intensity) 

float MonauralClarityPerception 

(float angle, CObject *object) 

float BinauralClarityPerception 

(float angle, CObject *object) 

TClarity HearingClarityPerception 

(CObject *object) 

Receives a list of intensities and retums the 

minimum intensity (of all of them) that can be 

lieard by an agent endowed with a human-like 

audible range (Table 1 in chapter 6 of this 

dissertation). 

Retums trae if the sources objectl and objectl 

can be distinguished as two different sources by 

the agent (according to the spatial auditory 

acuity introduced in section 6 of chapter 6 of 

this dissertation) 

Retums trae if the agent can perceive a sound 

with this intensity. 

It retums the clarity of perception that the agent 

with monaural hearing perception has of the 

sound source placed at any position in the 

environment. The sound source position is given 

by the distance and the angle between the agent 

and the source. 

It retums the clarity of perception that the agent 

with binaural hearing perception has of a sound 

source placed at any position in the 

environment. The sound source position is given 

by the distance and the angle between the agent 

and the source. 

It retums the clarity of perception that the agent 

has of a sound source The valué retumed by this 

function is a TClarity valué which determines if 

the clarity of hearing perception is very high, 

high, médium, low or very low. 

Table 7. Agent's Perception 

198 



IMPLEMENTATION 

The interaction between the classes described in this section is shown in Figure 11, from 

which we can see the iteration over the list of objects to access each of the objects in the 

list (nextO)- Each object can calcúlate its nimbus shape using the object parameters, as 

well as the Cardioid(a, angleA, angleP) method. A similar iteration takes place to 

access the elements of the list of agents to calcúlate the focus shape, which is given by 

the methods AudioCone(x,y). 

r 

Throughout 
the list 

of objects < 

nextO 

CalculateAudioNii a 3us() 

S cenarlo 

r 

Card¡oid(a, angleA, angleP) 

:Object Object Nimbus 

Throughout 
the list 

of agents < 

nextO 

CalculateAudioFc c iis() 

Scenario 

AudioCone(x,y) 

:Agent Agent Focus 

Figure 11 Sequence Diagram 

To calcúlate the HearingClarityPerception(object) that an agent has of a sound based on 

the theoretical concepts explained throughout this dissertation (Figures 12 and 13), the 

agent's perception, firstly, needs to ask the perceptual engine where the source is 

placed. This information is provided by the method WhereIsSource (object). 

Once the perceptual engine provides the agent 's perception with this information, the 

agent's perception component has to determine if any of the objects in the environment 

are interfering with the perception that this agent has of the object to be perceived. This 

means that the agent's perception has to ask the perceptual engine if there is any 

obstacle(s) half-way and, if so, which object(s) it is. This information is given by the 

methods ExistObstaclesHalfPf^ayAudioCone(object) and ObstaclesHalfWayAudioCone(object). 

Once the perceptual engine provides the agent's perception component with this 

information, the agent 's perception needs to ask the perceptual engine how the sound 
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propagation will be modified by the presence of these obstacles, using the method 

SourceModifledSP (object). This method implements all the physical principies of wave 

theories, getting the intensity, and therefore the loudness, of the resulting wave, which is 

going to be propagated through the médium after colliding with the obstacles. For 

example, if there is just a boundary, and it is acting as a diffracting boundary, we apply 

diffracting wave theory to get the resulting wavefront to be propagated. 

Once the agent's perception knows the effective sound source that is being propagated 

inside the nimbus área, it needs to asks the perceptual engine component for the list of 

intensities that are being propagated inside the nimbus and, therefore, could be 

perceived by the agent. This information is provided by the method 

CardioidlntensityToBeHeard (object), which collects all the valúes of the cardioid 

radius at which there is awareness, calculating the associated intensity for each and 

every radius and retuming a list with all the intensities that could be perceived by the 

agent. 

The agent's perception receives this list of intensities that could be perceived by the 

agent, and the method MaxIntensityToBeHeard (listlntensity) provides the agent's 

perception component with the máximum intensity perceivable by the agent. If this 

intensity is within the agent's hearing limits (hearing acuity), the agent can hear the 

sound coming from the sound source by calling the method 

BinauralClarityPerception(angle, object). Otherwise, if the máximum intensity is not 

inside human hearing limits, the agent cannot perceive the sound that is being 

propagated. 

However, if there are no obstacles in the environment interfering with agent perception, 

the resulting wavefront is the same as the initial wavefront because it is propagated 

freely and nothing is interfering with its propagation. So, in this case, the agent's 

perception needs to ask the perceptual engine component for the list of intensities that 

are being propagated inside the nimbus by the method CardioidlntensityToBeHeard 

(object). 

The agent's perception receives this list of intensities that could be perceived by the 

agent, and the method MaxIntensityToBeHeard (listlntensity) provides the agent's 
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perception component with the máximum intensity perceivable by the agent. If this 

intensity is within the agent's hearing limits (hearing acuity), the agent can hear the 

sound coming from the sound source by calling the method 

BinauralClarityPerception(angle, object). Otherwise, if the máximum intensity is not 

inside human hearing limits, the agent cannot perceive the sound that is being 

propagated. 

HearingClarityPerception (object) 

WherelsSource (object) 

ExistObstaclesHalfWayAudioCone (object) 

ObstaclesHalfWayAudioCone (object) 

SourceModifiedSP (object) 

CardioidlntensityToBeHeard(object) 

MaxIntensityToBeHeard(listlntensity) 

BinauralClarityPerception (angle, object) 

Agent's 
Perception 

Perceptual 
Engine 

Figure 12 Sequence Diagram 
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No 

Figure 13 Hearing Perception 
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Perceptual Model Validation 

The aim of this chapter is to valídate the human-like model of perception described 

throughout this dissertation. 

For this purpose, we designed a process of evaluation consisting of three different steps. 

The first step is to tune the model parameters. The second one is to confirm that the 

model is working properly. And the last one is to check user preferences, as well as the 

believability of the model. 



PERCEPTUAL M O D E L VALIDATION 

9.1. TUNING THE VISUAL MODEL PARAMETERS 

The aim of this set of tests will be to gauge the key parameters of the agent's perceptual 

model in an attempt to get valúes as cióse a possible to real life. Visual acuity tests (see 

appendix D) are the most commonly used tests in ophthalmology or optometry, which is 

why we have used them to calibrate visual acuity in our perceptual model. 

In this section, we are going to describe the results obtained after having carried out the 

visual experiments described in appendix D with a selected group of people. 

LEA Paediatric Vision Test 

As the LEA visual acuity tests are recommended for use in pre-school children, we have 

selected 6 children aged 4, 5 and 6 years cid. 

Following some earlier studies conducted with pre-school children [Blavo 02] [Hered 

02], each child was given a máximum of half an hour to complete the LEA test. If the 

child completed the entire test (Colour Game, LEA puzzle and PEPI Dalmatian) in this 

period of time, his or her performance was determined to be a PASS; otherwise it was 

classed as FAIL, 

All the children were able to complete the test in this time, where it took the two 

children aged 6 years cid 12-18 minutes, the two children aged 5 years oíd 15-20 

minutes and the two children aged 4 years 25-28 minutes. 

The Random E 's Paediatric Visual Acuity Test 

This visual acuity test has been used with 6 children aged 4, 5 and 6 years, placing each 

child 3.5 metres from the computer screen. None of the children had any kind of visual 

problems and, therefore, none needed to use glasses. They all yielded the same result: 

20/20. This represents the "normal" VA valué. 

The Visual Acuity Test 

This visual acuity test has been used with 10 people aged between 25 and 70 years, each 

of whom were placed 3.5 metres from the computer screen. Of these people, 7 had no 

visual problems and, therefore, did not need to use glasses to have a correct visual 
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perception and the other 3 people had different kinds of visual perception problems: one 

was short-sighted and the other two people had age-induced visual impairment. The 

results yielded for the visual acuity test were: 

20/20 for the seven people without visual problems. 

20/25 and 20/30, respectively, for the short-sighted person without glasses and 

20/20 for the same person with glasses. 

- 20/50 for the 65-year-old person without glasses and 20/20 for the same person 

with glasses. 

- 20/60 for the 70-year-old person without glasses and 20/20 for the same person 

with glasses. 

As for the "Darker and Sharper Tesf designed to detect refractive errors, presented in 

the previous section, the findings were as follows: 

- The seven people without visual problems perceived the letters equally clearly 

on both the red and green side. 

- The short-sighted person perceived the letters on the red side sharper without 

glasses, and perceived the letters equally clearly on both the red and green side 

with glasses. 

The 65-years-old person perceived the letters on the red side sharper without 

glasses and perceived the letters equally clearly on both the red and green side 

with glasses. 

The 70-year-old person perceived the letters on the green side sharper without 

glasses and perceived the letters equally clearly on both the red and green side 

with glasses. 

As for the "Equally Darker and Sharper Test" " designed to detect refractive errors, 

also presented in the previous section, the findings were as follows: 

- The seven people without visual problems perceived all the lines equally clearly. 

- The short-sighted person perceived a small difference between the clarity of the 

lines without glasses and perceived all the lines equally clearly with glasses. 

- The 65-year-old person perceived a small difference between the clarity of the 

lines with and without glasses. 

- The 70-year-old person perceived a small difference between the clarity of the 

lines with and without glasses. 
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Conclusions 

As the aim of this set of tests was to gauge the key parameters of the agent's perception 

mode], and the most important key parameter for the visual model of perception is 

visual acuity, we are going to tune the visual acuity with the standard "normal" valué, 

which is 20/20, but we are also going to bear in mind some of the other visual acuity 

valúes obtained in this section, namely 20/25 and 20/50, with the aim of comparing the 

resulting valúes. 

9.2. SCENARIO-BASED EVALUATION OF THE VISUAL MODEL 

To prove the usefulness of the proposed perception model, let us consider that, as 

mentioned earlier, mlVA-VE systems can be used to simúlate risky situations, like, for 

example, a world-wide war, where the soldiers' training plays a very important role. 

Figure 1 The War Scenario 

Systems of this kind can train soldiers to live and survive the worst real-life situations. 

For training to be useful, it is important to endow soldier agents with a human-like 

perception model. Different scenarios and situations can be raised where human-like 

perception plays a very important role. In this section, we are going to describe some 

such scenarios. 
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a) Let US imagine that a soldier agent is in the battlefield. He is placed at a physical 

position given by the co-ordinates (x,y,z)= (1,0,0) in the space, in metres, with 

an orientation of 90" related to the x-axis of co-ordinates. This soldier is 

endowed with a visual acuity (in Snellen notation) equivalent to 20/20 and his 

foreground angle of visión is 0=30**, while his lateral angle of visión is 6'=65°. 

Let US also imagine that a fighter plañe, a Focke-Wulf BMW whose size is 

(length X wide x height)=(20,15,7), in metres, appears in the air space. 

Introducing all these valúes in the implemented visual perceptual model, the 

methods ForegroundCone and LateralCone implement, respectively, the 

soldier's foreground and lateral cone of visión according to equation 5 

introduced in chapter 5 of this dissertation, providing us with the visual cone of 

perception. The method NimbusGeometry determines the nimbus geometry 

associated with the plane's nimbus, which is an ellipsoid in this case, and the 

method Nimbus Ellipsoid implements the plane's nimbus, according to equation 

7 introduced in chapter 5 of this dissertation. Similarly, the method 

DistanceResolution calculates the máximum distance of resolution, which is in 

this case 64.20 m. 

MASSIVf 3/MlVi:K(UniversityofNDUinghani,1999) 

Figure 2 First Scenario 
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1.- When the plañe is placed at co-ordinates (x,y,z)=(l,25,0) (Figure 3), in 

metres, away from the soldier, it is possible to perceive the object in the 

foreground área of perception. The clarity of perception in this área, given 

by the method VisualClarityPerception, is the máximum normalised valué 

1. The soldier can perceive most of the plañe's details. 

z 

x / soldier'sposition plañe'sposition 

(x,y,z)=(l,0,0) (x,y,z)=( 1,25,0) 

Figure 3 Soldier's posítion and plane's position 

2.- When the plañe is placed at co-ordinates (x,y,z)=(-40,25,25), in metres, away 

from the soldier (Figure 4), it is possible to perceive the object in the lateral 

área of perception. The clarity of perception in this área, given by the 

method VisualClarityPerception, is 0.5. The soldier can perceive only a few 

details of the plañe. The soldier probably will perceive an object but he will 

not be able to identify its physical details. As the plañe is placed in the 

lateral área of perception, the details that this soldier can get about the plañe 

will be associated with its movement. 
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plañe' s position 

(x,y,z)=(40,25,25I 

r^ y 

soldier' s position 

(x,y,z)=( 1,0,0) 

Figure 4 Soldier's position and plane's position 

3.- When the plañe is placed at co-ordinates (x,y,z)=(15,70,25), in metres, away 

from the soldier (Figure 5), it is possible to perceive the object in the 

foreground área of perception. The clarity of perception in this área, given 

by the method VisualClarityPerception, is 0.033 (very low). The soldier 

may be able to perceive the plane's shape and its movement, but this soldier 

may confuse the coming plañe with a friendly plañe instead of recognising it 

as the hostile plana that it really is. 

plane's position 

(x,y,z)=(15,70,25) 

soldier' s position 

(x,y,z)=( 1,0,0) 

Figure 5 Soldier's position and plane's position 
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b) Let US imagine the same soldier agent at the same position and with the same 

visual acuity. The soldier's foreground and lateral angles of visión are also the 

same, but the plane's size is (length x wide x height)=(25,20,10). In this case, 

the máximum distance of resolution, given by the method DistanceResolution, is 

80.26 m. 

1.- When the plañe is placed at co-ordinates (x,y,z)=(-40,25,25), in metres, away 

from the soldier, it is possible to perceive the object in the foreground área 

of perception with a clarity of perception, given by the method 

VisualClarityPerception, equal to 1. The soldier could perceive not just the 

plane's movement but could also identify some details of the plañe, because 

the plañe is perceived inside the soldier's foreground área of perception. 

2.- When the plañe is placed at co-ordinates (x,y,z)=(15,70,25), in metres, away 

from the soldier, it is possible to perceive the object in the foreground área 

of perception. The clarity of perception in this área, given by the method 

VisualClarityPerception, is the máximum normalised valué 1. In this case, 

the clarity of perception is quite a lot higher than the one obtained in the 

section a.3, and it is possible to recognise whether the coming plañe is 

hostile. 

c) Now, let US imagine the foUowing situation, where a soldier agent (A) is placed 

at a physical position given by the co-ordinates (x,y,z)= (1,0,0), in metres, with 

an orientation of 90° related to the x-axis of co-ordinates. This soldier is 

endowed with a visual acuity (in Snellen notation) equivalent to 20/25 and, like 

the previous soldier, his foreground angle of visión is 0=30° and his lateral angle 

of visión is 0'=65°. The máximum distance of resolution, given by the method 

DistanceResolution, is 3.64 m. 
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Figure 6 The War Scenario 

Let US also imagine lie is walking through a forest looking for the enemy, and 

when soldier A passes cióse to a tree, an enemy soldier (B) tries to lunch at 

soldier A's neck to kill him. 

Figure 7 The War Scenario 

211 



PERCEPTUAL MODEL VALIDATION 

1.- If soldier B is placed at co-ordinates (x,y,z)=( 1,-1,0), in metres, away from 

the soldier A (Figure 8), soldier B is very cióse to soldier A, but soldier A is 

not aware of soldier B's presence, because B is not inside either A's field of 

foveal visión or A's field of peripheral visión, and, consequently, soldier A 

cannot react to the soldier B's attack. The clarity of perception in this 

situation, given by the method VisualClarityPerception, is nuil. 

soldier B 's position 

(x,y,z)=(lJ 

X / soldier A' s po sition 

(x,y,z)=(l,0,0) 

Figure 8 Soldier A's and Soldier B'$ position 

2.- If soldier B is placed at co-ordinates (x,y,z)=(l,2,0), in metres, away from 

soldier A (Figure 9), soldier B is inside soldier A's foreground área of 

perception and, therefore, soldier A can detect not just soldier B's 

movement but also bis physical details. The clarity of perception in this 

área, given by the method VisualClarityPerception, is the máximum 

normalised valué 1. 
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soldierB'sposition 

(x,y,z)=(l,2,0) 

soldier A' s position 

(x,y,z)=(l,0,0) 

Figure 9 Soidier A's and Soldier B's position 

3.- If soldier B is placed at co-ordinates (x,y,z)=( 1,4.5,0), in metres, away from 

soldier A, soldier B is inside soldier A's foreground área of perception. 

However, soldier A is placed too far way for soldier A to be able to perceive 

all his physical details. The clarity of perception in this área, given by the 

method VisualClarityPerception, is 0.5. Soldier A can perceive just some of 

soldier B's details. For example, if both uniforms are similar, soldier A may 

not be able to make out soldier B's flag and could think that soldier B is an 

ally rather than an enemy. In this case, the focus concept, as considered by 

the Spatial Model of Interactíon, would not have been enough. 

4.- If soldier B is placed at co-ordinates (x,y,z)=(2.5,2.5,2,5), in metres, but there 

is an obstacle, a dense shrub, whose size is (length x wide x 

height)=(0.75,0.75,0.75), placed at co-ordinates (1,1,1) (see Figure 10). This 

object is acting as a signal processor, an obstructive boundary. In this case, 

soldier B could have been detected by the soldier A ,but the big and dense 

shrub is acting as an obstructive boundary and, therefore, soldier A cannot 

perceive soldier B. The clarity of perception in this situation, given by the 

method VisualClarityPerception, is nuil. 
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shrub' s position 

(x,y,z)=(l,l,l) 

\ 

soldier A's position 

(x,y,z)=(l,0,0) 
soldier B' s position 

(x,y,z)=(2.5,2.5,2.5) 

Figure 10 Soldier A's, Soldier B's and shrub's position 

5.- If soldier B is placed at co-ordinates (x,y,z)=(l,4.5,0), in metres, but there is 

a magnifying window-wall at co-ordinates (1,1,1), which is acting as a non-

obstructive boundary. If there were no boundary, soldier B would be placed 

in the foreground área of perception, the clarity of perception in this área, 

given by the method VisualClarityPerception, would be 0.0.5. Soldier A 

could perceive the soldier B as an object, but he would not be able to 

identify either the shape or the details. But the presence of this magnifying 

window-wall modifies the process of perception, and the clarity associated 

with this perception will depend on the magnifying power of the materials 

of which this window is composed. This means that if the magnifying power 

of the signal processor is high, the clarity of perception would be the 

máximum normalised valué 1. This is an example of how boundaries should 

limit the agent's perception in order to achieve more realism. 

9.3. USER VALIDATION: VISUAL MODEL 

This part of the validation process consists of a number of experiments. The aim of 

these experiments is to compare whether the agent behaviour in the Virtual 

Environment is similar to the human behaviour in the real Ufe, checking whether the 
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results achieved by an agent perceiving its surroundings in the virtual environment are 

similar to those achieved by a human being perceiving the same environment in the real 

life. In the latter case, the clarity of perception should decrease when the distance to the 

object to be perceived increases in both the virtual and real environment. 

All these experiments can be considered as "Lew Level Experiments", because they are 

dealing with the profound details of the human-like visual perceptual model proposed in 

this disserlation. 

We selected 10 people to carry out these experiments. All of them had to pass the 

Visual Acuity test beforehand to certify their visual acuity level and they all got 20/20 

in these tests. The environment selected for this purpose is very simple, because we did 

not want to confuse the user with too many objects or textures. This is the reason why 

we made a very simple scenario consisting of different stars on a black background 

(Figure 11). Of all of these stars, we selected the red one for our experiments. 

Figure 11 Experimental Environment 

Before starting the experimentation, we have adjusted the agent's acuity in the 

application to 20/20. Accordingly, both agent and user have the same acuity and we can 

compare results. 
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Gaze Direction 

er o ition 

Figure 12 Foreground clarity of perception 

To compare both results we have established a relation between the set of valúes yielded 

by the application and the set of valúes within which the user can classify the clarity of 

perception. Thus, the user can classify the clarity of perception by choosing any of the 

following labels: VERY LOW, LOW, HIGH and VERY HIGH, and we have also 

established the equivalent range of valúes in our application: VERY LOW will 

represent a CP very cióse to zero - within the range [O, 0.25) -; LOW will represent a 

CP within the range [0.25, 0.5); HIGH will represent a CP within the range [0.5, 0.75); 

VERY HIGH will represent a CP within the range [0.75, 1]. 

As the clarity of perception depends on the distance of perception (d parameter in 

Figure 12), the first experiment will just vary the user's distance of perception while the 

other the parameters will remain constant. If the model is working properly, we should 

find that the greater this distance is, the lower the clarity of perception that the user can 

geí of the object is in both the real and virtual environments. 

216 



PERCEPTUAL MODEL VALIDATION 

This experiment was carried out in two different steps: 

• As a first step of this experiment, we calculated the clarity of perception (CP) 

using our application at different distances: 

1. CP at a distance d=lm greater than the minimum distance for distinct visión 

(25 cm horizontally in front of the eye) and lower than the acuity distance 

(Dm), which is the máximum distance of resolution, given by the method 

DistanceResolution, in this case Dm=4.81 and the application result is CP=1. 

2. CP for a distance d =6m greater than the acuity distance (Dm), which is the 

máximum distance of resolution, given by the method DistanceResolution, in 

this case Dm= 4.81 and the application result is CP=0.03. 

• The second step consisted of determining the clarity of perception that a user 

had of the red star when it was projected on the computer screen and the user 

was placed at Im and 6m respectively from the screen. 

The results obtained in this experiment were very signifícant because 100% of the users 

could perceive the projected star with a VERY HIGH clarity of perception when Im 

from the screen and 100% of the users could perceive the projected star with a VERY 

LOW clarity of perception at 6m from the screen. 

We then passed on to the second experiment, which used the same group of users and 

the same star projection, whereas the observer orientation was rotated 45 degrees 

(Figure 13). In this experiment, the red star was placed in the observer's peripheral 

región. 

Remember that, as explained throughout this dissertation, the clarity of perception in the 

lateral región detects movement but not details. 
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User's Position 

Figure 13 Lateral clarity of perception 

As in the first experiment, we carried out this experiment in two different steps: 

• We calculated the clarity of perception (CP) using our application at different 

distances: 

1. CP at a distance d= 1 m is CP=0.5 

2. CP at a distance d=6m is CP=0 (In the implementation of the model, we 

approximated valúes lower than 0.01 to zero). 
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• We repeated the same experiment with the same group of users placed at a 

distance d equal to Im and 6m, respectively, from the computer screen and 

gazing in a direction rotated 45" (Figure 13). 

100% of the users could perceive the projected star movement with a HIGH clarity of 

perception it was at Im from the screen and 100% of the users could perceive the 

projected star movement with a VERY LOW clarity of perception at 6m from the 

screen. 

Finally, we designad a third experiment that aimed to calcúlate the distances at which 

the clarity of perception is on the limits of the previously defíned set of intervals. This 

experiment was also carried out with the same group of people, using the scenario 

shown in Figure 12. To conduct this experiment, we placed each of these users at an 

initial position (d=lm), at which users should have a very high clarity of perception and 

they were asked to move backwards very slowly to calcúlate at what distances they 

became aware of a change in the object's clarity of perception. The changes should 

provide us with the distances of transition: 

• dvH->H: Transition from a VERY fflGH to fflGH CP. 

• dH.>L: Transition from a fflGH to LOW CP. 

• dL.>vL: Transition from a LOW to VERY LOW CP. 

As we did in the two previous experiments, we first calculated these distances using our 

application, getting the valúes: dvH->H=4.81 m, dH->L=5.25 m and dL.>vL=5.55 m. 

The second step was to repeat the same experiment with each of our selected and 

questioned users. They found this experiment quite a lot more difficult and had some 

problems in determining exactly where the transition was taking place. This is due to 

the fact that the CP function decreases gradually, as we have defended throughout this 

dissertation, and the results are less accurate than in the other two previous experiments. 

The results obtained in this experiment were as follows: 

o Distance of transition from VERY fflGH to fflGH CP rdvH.̂ »'): 30% of the 

questioned people assessed this transition to be at 4.5 metres, another 40% 
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considered this transition to be at 4.75 metres, while the remaining 30% set the 

limit of this transition at 5 metres, where the standard deviation over the 

reference valué is 2 %. 

o Transition from HIGH CP to LOW CP (dH-̂ i): 20% of the questioned people 

perceived this transition at 4.75 metres, 40% assessed this transition to be at 5 

metres, and the remaining 40% considered this transition to be at 5.5 metres, 

where the standard deviation over the reference valué is 10 %. 

o Transition from LOW CP to VERY LOW CP (di-^vi): 20% of the questioned 

people noticed this transition at 5 metres, 40% assessed this transition to be at 

5.5 metres, another 30% considered this transition to be at 5.75 metres while the 

remaining 10% set the limit of this transition at 6 metres, where the standard 

deviation over the reference valué is 30 %. 

Conclusions 

It was very easy to run the first and second experiments . None of the participants 

encountered any problem in completing the exercises. However, the assessment of the 

degree of "clarity of perception" in the third experiment was really difficult for our 

participants due to the fact that clarity of perception is a very subjective concept and, 

therefore, it is very difficult to establish the boundaries we aimed to get (dvH->H, dH->L, 

dL->VL)- In spite of this handicap, however, looking at the low resulting standard 

deviation throughout these experiments, we consider the results obtained to be quite 

successful. 

9.4. TUNING THE HEARING MODEL PARAMETERS 

Three parameters should be tuned in this section: the hearing threshold levéis, the 

azimuth angle and the elevation angle. 

Audiometry is the science of recording of hearing threshold levéis for medical purposes. 

These levéis are obtained by placing a person inside an audiometric examination room , 

where some pulse tones are emitted at different frequencies. The person - whose 

hearing threshold levéis are to be measured - has to listen to these tones through 
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headphones whilst sitting in the room. This makes it more difficult for us to calíbrate 

the hearing perceptual model as we did for the visual perceptual model. 

As we explained in chapter 6 when we analysed the theoretical principies of our hearing 

perceptual model, there are thousands of studies and experiments related to this topic. In 

fact, the usual audible range for human beings is within 2X10'HZ and 2xlO*Hz and 

corresponds to intensities within the range 1x10"'̂  - IxlO' watts/m^ and pressures 

within the range 2x10"̂  - 6x10^ newtons/m .̂ We are going to consider this range in our 

perceptual model as a reference and we are going to endow our agents with this audible 

range. 

To determine and select the range of azimuth and elevation angles for our validation 

process, we have adhered to the experimental studies run by Strybel [Strybel 00], 

[Strybel 03] at California State University. The aim of these studies is to determine how 

well pilots detect sounds at various locations in space. In these studies, the azimuth 

angle was between +80 and -80 degrees and the elevation angle was between O and 

87.5 degrees relative to the horizontal plañe (Figure 14). 

87.5° 
90° 

Azimuth 

-80° 
Figure 14 Range of azimuth an e e ation ang e 

9.5. SCENARIO-BASED EVALUATION OF THE HEARING MODEL 

To prove the usefulness of the proposed perception model, let us consider some 

scenarios similar to the ones we used to validate the visual perceptual model. Thus we 

are going to simúlate a world-wide war where the soldiers are exposed to risky 

situations. 
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Figure 15 The War Scenario 

To understand the results presented in this section, we should remind the reader of the 

classification of hearing clarity of perception established to implement the hearing 

perceptual model. This classification determines that the agent's clarity of hearing 

perception can be: Very High, High, Médium, Low and Nuil. 

As we did with the visual perceptual model, we are going to: 

1. Endow soldier agents with a human-like hearing perceptual model. 

2. Raise different scenarios and situations where human-like hearing perception 

plays a very important role. 

3. Involve them in these scenarios and/or situations. 
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Figure 16 The War Scenario 

1) Let US imagine that a soidier agent (A) is in the countryside, keeping watch. He is 

placed at a position (x,y,z)=(0,0,0) in the space, in metres. The soldier azimuth angle 

is 80 degrees and his elevation angle is 87.5 degrees. 

Fíf>ui e 17 The War Scenario 
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1. At this moment, a couple of people approach him and one of them starts 

speaking when at co-ordinates (x,y,z)=(l,2,0). As they are having a modérate 

conversation, the intensity of the sound that this person is emitting is 60dB. In 

this case, the intensity of the sound that is reaching soldier agent A, and which is 

calculated by the method Intensity Sound, is 11.22 dB. It is when this intensity 

reaches soldier agent A when the method IsPossihleListenSound determines that 

this intensity of sound is between the standard thresholds of hearing and, 

therefore, he can hear it. The clarity of perception with which this agent can hear 

this sound is given by the method HearingClarityPerception and it is Nuil. 

Soldier A can hear a sound, but he cannot understand what they are speaking 

about. 

2. If the same couple continué walking and the same soldier continúes speaking 

with the same intensity, when he reaches co-ordinates (x,y,z)=(0.50,0.75,0) the 

method IntensitySound determines that the intensity of the sound that is reaching 

soldier agent A is 42.63 dB, the method IsPossihleListenSound continúes 

retuming that the sound can be heard by soldier agent A because it is between 

the standard thresholds of hearing, and the method HearingClarityPerception 

retums that this sound can be heard by soldier A with a clarity of perception 

Médium. Soldier A can perceive something of the couple's conversation but not 

too much. 

MASSIVE-3AHtV£K(Univers3tyofNotlinghdfn,1999) 

Figure 18 The War Scenario 
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3. If they continué walking under the same conditions, when the speaker reaches 

co-ordinates (x,y,z)=(0.50,0.50,0) the method IntensitySound determines that the 

intensity of the sound that is reaching soldier agent A is 51.77 dB, the method 

IsPossibleListenSound continúes retuming the same valué, and the method 

HearingClarityPerception retums a clarity of perception valué of High. The 

soldier A can perceive part of the couple's conversation. 

4. Now let US imagine that the same couple stops at that position and stop speaking. 

If, after a while, one of the two soldiers whispers at 30 dB, soldier A's clarity of 

perception, given by the method HearingClarityPerception, is reduced to 

Médium. 

2) Let US imagine that the above soldier agent (A), with the same azimuth and elevation 

angles, continúes keeping watch at position {x,y,z)=(0,0,0) while a propeller aircraft 

is starting up. The intensity of sound coming from this activity is 120dB. 

Figure 19 The War Scenario 

1. If the jet is placed at (x,y,z)=(15,70,10), then the intensity that is reaching the 

soldier, given by the method IntensitySound \^ 1.28 dB and aJthough he can hear 

a sound, the method IsPossibleListenSound rciums true, the clarity of perception 
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with which he perceives the sound, given by the method 

HearingClarityPerception, is cióse to Nuil. This means that probably the soldier 

will not appreciate the sound at that distance. 

2. If the jet is placed at (x,y,z)-(10,10,10), then the intensity of sound that the 

aircraft is emitting is at least 300 dB (or aven greater, depending on the aircraft's 

engine) and the intensity of sound that is reaching the soídier is at least 127.636 

dB. In this case, the intensity reaching the soldier surpasses the threshold of pain 

(120 dB) and it is very cióse to the threshold of feeling (130 dB) and, therefore, 

it will not be possible to get a clear perception of the sound at that distance, 

where the clarity of perception Nuil. 

3) Let US imagine that a soldier agent (A), with an azimuth angle equal to 70 degrees 

and an elevation angle equal to 70 degrees, is walking in the countryside and when 

he passes by the position (x,y,z)=(2,l,0), another soldier agent (B), placed at a 

position (x,y,z)=(5,2,0), shoots a 30 calibre rifle (150 dB). Although the background 

noise in this área is (80 dB), in this case, the intensity of the sound reaching the 

soldier will be 17.03 dB, and the clarity of perception will be High, and soldier (A) 

will be able to distinguish what kind of sound this is. 

Figure 20 The War Scenario 
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4) In the previous situation, let us imagine ttiat we place a boundary, an absorbing 

boundary in between the two (listener and sound source). In this case, the method 

ExistsIntersectionObstaclesHalfWayAudioCone will determine that there is an 

obstacle interfering with the process of sound perception. The methods IntensitySP, 

PowerSP and SourceModifiedSP will provide us with some additional Information 

about how this boundary is working as an absorbing boundary. The sound does not 

pass through it, and the power at the other side of the boundary is nuil. In this case, 

the method IníensitySound retums O dB reaching the listener, and, therefore, the 

method IsPossibleListenSound retums that the agent cannot hear this sound, where 

the HearingClarityPerception is equal to Nuil. 

Figure 21 The War Scenario 

5) Let US go back to the same conversation we analysed before. Soldier agent (A), with 

azimulh and elevation anglas of 80 and 87.5 degrees, respectively, is in the 

countryside, keeping watch at aposition (x,y,z)=(O,O,0). 
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1. When a couple of soldiers placed at (x,y,z)=( 1,1.0) start a modérate 

conversation, at 60dB, 25.52 dB reaches soldier agent A in the absence of 

boundaries. If there is a transmitting boundary at (x,y,z)=(0.5,0.5,0), the 

intensity is modified to 22 dB. This boundary is working as a sound reducer. A 

lot, but not all, the sound is passing through. The method IsPossibleListenSound 

determines that soldier agent A can hear this sound, because it is between the 

standard thresholds of hearing, and the method HearingClarityPerception 

determines that the clarity of the sound perceived is Médium. Soldier A can hear 

a sound but he cannot understand the whole of the conversation. 

2. If the same couple whisper at 30 dB in the presence of the same boundary at the 

same position, soldier A's clarity of perception, given by the method 

HearingClarityPerception, is reduced to Nuil. 

9.6. USER VALIDATION: HEARING MODEL 

As with the visual validation process, this part of the validation process consists of 

running a number of experiments to compare hearing agents' behaviour in both virtual 

and real environments. Agents endowed with our perceptual model will be capable of 

perceiving their surroundings in the virtual environment with a human-like hearing 

clarity of perception. 

These experiments have been designed foUowing advice provided by some research 

laboratories that are working on the analysis of human speech (such as the laboratory at 

the Universidad Autónoma de Barcelona). 

As we did to valídate the visual model, we introduced one star in the environment, 

which was used to carry out these experiments(Figure 22). Having a look at the star we 

can see several circumferences around the star representing the loudness of the sound it 

gives off. The louder the sound is, the bigger the radius- and therefore the diameter - of 

the circumferences surrounding the star is. 
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Figure 22 Star in a Hearing Environment 

Throughout these experiments, we continued with the classification of agents' clarity of 

hearing perception introduced in the implementation of the model. Thus, the user can 

classify the hearing clarity of perception by choosing between one of the following 

labels: very high, high, médium, low and nuil. 

As the clarity of perception depends on the distance of hearing perception (d parameter 

in Figure 23), the first experiment just varies the user's distance of perception while the 

other parameters are kept constant. If the model is working properly, we should 

appreciate that the greater this distance is, the lower the clarity of perception that the 

user and agent can get of the sound is. 
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Figure 23 Distance at which the user is placed 

As we did to validate the visual perceptual model, we have divided this experiment into 

two different steps: 

• As a first step of this experiment, we calculated, using our perceptual model, the 

clarity of hearing perception (CP) associated with a 60 dB conversation when 

the speaker and the listener are placed at different distances: 
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o The CP at a distance d =0.25 m is very high. 

o The CP at a distance d=0.75 m is high. 

o The CP at a distance d =1.5 m is médium. 

o The CP at a distance d =3 m is low. 

o The CP at a distance d =4 m is nuil. 

As a second step, we designed our experimental scenario, where we have 

considered a couple of roles. One role, the speaker, is giving a talk (60 dB). The 

speaker's position is constant throughout the experiment. The other role, the 

listener, is the questioned user. As mentioned above, we selected 10 people for 

these experiments and, therefore, we had to repeat this experiment with 10 

different listeners. Each time we did the experiment, we changed the listener's 

position while the speaker's position remained constant. At first, the listener was 

placed at 0.25 metres, later he moved to 0.75 metres, 1.5 metres, 3 metres and 4 

metres. At each of these distances, the speaker made a speech and when he had 

finished, we asked the listener to repeat in his own words what he had heard to 

get an idea about the clarity of hearing perception. 

The results obtained in this experiment were: 

1. 100% of the listeners could understand everything that the speaker was 

saying without any problem when they were placed at 0.25 metres. 

2. 100% of people who were placed at 0.75 metres could also get everything 

that the speaker said. For this reason, we asked them "Didyou hear better at 

0.25 metres or at 0.75 metres?"". AU of them admitted that it was easier for 

them to perceive the sound when they were placed at 0.25 metres. 

3. The degree of perception decreased when the listener was placed at 1.5 

metres. At this distance, 60% of the participants could understand the 

meaning of the conversation, although, unconsciously, they tried to move 

closer to the listener. 20% of them said "Ididn 't hear a couple of words very 

weír, another 10% of people said: "Could you speak louder?" and the 

remaining 10% could understand almost the all of what was said, but they 
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were not very sure of what they had heard and they said to the speaker: 

"Sorrv, Iwouldprefer to hear it again?", although when we asked them to 

repeat what they had heard, they did pretty well. 

4. When the listeners were placed at 3m, they could hear something, although 

they could not get the whole of the speech. In fact, just 30% of the people 

got an idea of what we were speaking about, but they were not very sure of 

themselves when they were asked "Didyou get a clear idea ofwhat we were 

speaking about?". The remaining 70% of them did not get a good idea of 

what the speaker was speaking about. 

5. Finally, 100 % of participants placed at 4 metres could just perceive a few 

words of the speech, but none of them was able to catch any more. AIl of 

them answered no to the question '"''Didyou get a clear idea ofwhat we were 

speaking about?". 

Analysing these results we can consider that when 100% of the quesüoned listeners can 

understand everything without any problem (cases 1 and 2), it is because the hearing CP 

is, at least, high. If, moreover, all of them were of the same opinión that "the perception 

is better" at 0.25 metres, we have to introduce a distinction between these two cases 

and, therefore, we can consider the hearing CP as very high in the first case and high in 

the second ene. When just the 60% of the questioned people could understand the 

meaning of the conversation, we can consider that the CP at that distance is médium. In 

the fourth case, when the 30% of the questioned people got a blurred idea of what we 

were speaking about, it is because the CP at this distance is low, and, in the last case, the 

CP should be considered as nuil, because 100 % of participants had no idea of what we 

were speaking about. 

After having run the first experiment and having analysed the results obtained, we could 

say that we have stabilised a scale for interpreting these results as a function of the 

percentage of people getting the right results and the level of the results. It could be 

understood as: 
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o High: When the percentage of people getting the right results is within 

the range [100%, 70%], and no-one gave an affirmative answer to 

the question: "Did you have any problem in understanding 

anything?", introducing a distinction between High and Very 

High by asking the user some comparative questions- "Where did 

you hear better ... ?" 

o Médium: When the percentage of people getting the right results is within 

the range [60%, 40%] and we got at least some affirmative 

answers to the question: "Did you have any problem in 

understanding anything?" 

o Lew: When the percentage of people getting an idea of what the 

speaker was speaking about is within the range [30%, 20%] and 

they found it difficult to answer the question "Did you get a clear 

idea ofwhat we were speaking about?" 

o Very Low: When the percentage of people getting an idea of what the 

speaker was speaking about is within the range [10%, 0%] and 

they cannot affirmatively answer the question "Did you get a 

clear idea ofwhat we were speaking about?" 

As a second experiment, we have used the above scenario rotating the speaker 45°, 

while the listener's orientation remained unchanged. The aim of this experiment was to 

demónstrate the directivity of human speech (the human voice directivity factor is Q=2). 

Repeating the same two previous steps for a couple of distances, d=2 metres and d=3 

metres, we got: 

• 

• 

The hearing CP associated with a 60 dB conversation using our perceptual 

model passes from médium to low when the listener is placed at d=2 metres, 

and from low to very low when the user is placed at d=3 metres. 

As for the participants: 30% of the users who were placed at 2 metres got an 

idea of what we were speaking about, while the remaining 70% did not get a 
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clear idea of what the speaker was speaking about. Looking at the 

established criteria, we can say that the CP is low at this distance. Similarly, 

just 10% of the users placed at 3 metres got "something" of the speech and, 

therefore, according to our criteria, the perception should be considerad as 

very low. 

Conclusions 

• It was necessary to watch the users who were taking part in the experiment, 

because they had a very "curious" tendency to move their head - or even their 

position- when they had any problems in hearing or understanding something. 

This reaction signifies that when users cannot understand a sound, they 

automatically try to reduce the distance at which they are placed to increase the 

clarity of perception they can get of the sound and they may even change 

position and stance to get a better orientation related to the position of the sound. 

• We had to repeat these experiments a couple of times. The first time we did 

these experiments we repeated the same speech at different distances, but we 

realised that once a human has heard a sound, if he leams the sentence which is 

being repeated in the message, it is very difficult for him to determine at which 

distance his clarity of hearing perception is too low to be able to distinguish the 

meaning of the sentence. Therefore, we had to redesign this experiment by 

introducing short, but different, speeches, when the distance of the listener in the 

environment changed. 

• We also tried to determine the distances of transition, as we did in the validation 

of the visual model. In fact, we did a very similar experiment to the one that we 

carried out for visual model validation, trying to assess the distances: dvH->H, dn-

>L and dL->vL- Although we knew that our scenarios were not the "ideal" 

environment for getting such valúes, we wanted to get some approximate valúes 

by calculating the variance and standard deviation - as we did in the visual part 

of the model. We tried to do this twice, but it was very difficult for the listeners 

to determine the transition. We considered that under these conditions, the 

resulting data would not be very reliable, and, finally, we gave up. 
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9.7. USER PREFERENCES AND AGENT BELIEVABILITY 

To put the finishing touch to this validation, we would like to set out the results we got 

when we asked users about preferences and the believability of the application 

developed. 

Once we had finished each of the blocks of experiments (visual experiments and 

hearing experiments), we asked users some questions with the aim of: 

1. Evaluating whether the user prefers to interact with agents that are endowed with 

the perceptual model presented in this dissertation or prefers to interact with 

simpler agents, which are not equipped with the perception model. 

2. Validating whether agent behaviour is believable; that is, if the agent behaves 

like a human being would in the real life. 

These questions were answered by the 24 participants - 20 adults and 4 children -, 

which were taking part in the validation process. 

To conduct this validation, we showed the MASSIM_AGENT application integrated 

with our perceptual model to the questioned user running with and without the 

perceptual model implementation. After both presentations, we asked the user: 

1. "Ofboth applications you have seen running, which ofthem do you prefer to 

interact with?" 

2. 'Which of these applications is more believable from your point ofview?" 

To anal y se the resulting data we decided to classify participants in two different groups 

based on user age: children and adults. 

100% of the children considered the application to be interesting and ÜiQyfelt attracted 

by the results. However, when we asked them the fírst question, 25% (one of the 
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children) did not care about the perceptual model - he just wanted to interact with the 

environment-, while the remaining 75% of children chose to ha ve the perceptual model 

inside the platform; they wanted to play with it and introduce new valúes to see what 

happened. We didn't question them about believability, because we did not think their 

answer would be reliable. 

As for the adults, before asking them the two questions, we wanted to know something 

about their background. After questioning, the results were as follows: 

• 40% were very used to playing with games related to virtual environments and 

they played very often. 

• 30% were familiar with this kind of environments, although they did not play 

very often. 

• 20% were not familiar with this kind of environments, although they were very 

acquainted with the world of computers 

• 10% were not familiar either with this kind of environments or with computers. 

The results obtained were: 

• "Cy both applications you have seen running, which of them do you prefer to 

interact with?" 

% considered the application endowed with our perceptual model 

more original than the other one. They preferred to play with agents 

endowed with this perceptual model. 

10% are authentic fanatics of 3D games and they thought that it would be 

a good idea to associate special effects with the agent's perception to 

make it more "cool". 

10% were not familiar with computers and, therefore, they found our 

application a bit complicated to use (most of the movement is produced 

using the mouse) but up-to-date. However, they considered that the 

clarity of perception is an appealing perceptual point. 
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• " Which ofthese application is more believable from your point ofview? " 

o 100% of the questioned users felt that agents endowed with this 

perceptual model have a more similar structure to human beings. 

9.8. CONCLUSIONS 

We have taken the following steps to evalúate our perceptual model. Firstly, we have 

calibrated the perceptual model, getting perceptual parameters such as visual acuity, the 

foveal angle of visión, the lateral angle of visión, the frequency auditory acuity and the 

spatial auditory acuity. This calibration has been carried out: theoretically - using the 

experimental results of other people- and practically - running our own experiments. 

Having got these factors, they were introduced into our perceptual model to run three 

different kinds of validation. The objective of the first, scenario-based evaluation, was 

to study and analyse the results obtained by raising different scenarios. These scenarios 

must be inhabited by agents endowed with our perceptual model. We were intuitively 

looking for coherent results. The second, user validation looked for similar results 

between agents and humans, by calculating the standard deviation and analysing the 

resulting valúes of this deviation. In this case, we were looking for a small standard 

deviation. The third and last evaluation, user preferences, aimed to get an idea about 

user preferences and the believability of the application developed. 

The assessment of the degree of "clarity of perception" was really diffícult for our 

participants, as clarity of perception is a very subjective concept and, therefore, it is 

very diffícult to establish the boundaries between, for example, low and very low clarity 

of perception. Moreover, we think that two agents may differ as much as two humans, 

who may perceive subjective items differently. 

However, the results obtained in our validation have been quite successful: we got 

coherent results in the scenario-based evaluation, the standard deviation was quite low 

(we got an average cióse to the 20%) and the user's reaction to our perceptual model 

was quite good. 
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We have realised that the evaluation was lacking due to the fact that our research 

focused just on the first block of Nilsson's agent architecture -agent perception. This 

means that our agent's central processing module was very simple, as was the set of 

actions our agents could carry out. It could, therefore, be interesting to introduce a more 

complex and rieher agent central processing module, which could origínate a wide 

variety of agent actions and, therefore, extend the scenario-based and user validation. 

This is one of our future research Unes that we will present in chapter 11 as future work. 
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Conclusions 

The research work presented in this dissertation represents a signifícant advance, 

specifically in the área of perception, within the multidisciplinary field of Intelligent 

Virtual Agents (IVAs) and multi-Intelligent Virtual Agent Systems (mlVAS). 

An IVA is an autonomous embodied agent in a, usually, 3D interactiva graphical 

environment or Virtual Environment (VE), which interacts intelligently with its 

environment, other IVAs and human users. Similarly, mlVAS are a particular type of 

Multi-Agent System (MAS) that is inhabited by IVAs. 

Bearing in mind that physical perception can be understood as the first level of an 

"awareness model" [Endsley 88], [Endsley 93], [Shively 97], the fírst goal of our 

research was to fínd an awareness model that was abstract and extensible enough to be 

the foundation of our perceptual model. 
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Awareness is a very familiar concept in the context of CSCW (Computer Supported 

Cooperative Work). We gave an overview of studies related to awareness in CSCW, 

analysing not just the stmcture but also the key concepts of the most representative 

models. 

From these we selected an awareness model, called the "Spatial Model of Interaction" 

(SMI) [Benford 93a], which fulfilled our requirements and had been tested with 

successful results in 3D CSCW multi-user environments. This model was originally 

proposed as a way of managing awareness in CVEs (CoUaborative Virtual 

Environments) through the mechanisms of focus, nimbus, aura, awareness, boundaries 

and adapters [Benford 92] [Benford 93a], [Benford 95]. The SMI was abstract and 

extensible enough to allow us to extend and reinterpret its main concepts with regard to 

IVAs. This is the first time that an awareness model designed for CSCW applications 

has been reinterpreted as an IVA perceptual model. 

But the aim of our research was not just to extend the Spatial Model of Interaction to 

mlVAS, but also to make it more realistic, introducing some concepts typical of human-

like perception. 

For this reason, we also reviewed the human perceptual system, identifying the factors 

that characterise human perception. The reason for these studies was simple: to 

formalise the human perceptual system, we had to understand it. An agent's perceptual 

capabilities should faithfuUy resemble those of a human being. We focused on just the 

two most useful senses for an IVA: visión and hearing. 

For each of these senses, we concentrated on a number of representative perceptual 

factors, such as Sense Acuity or Sense Transition Región. We considered these 

perceptual factors, while we carried out a parallel study dealing with image and sound, 

taking into account many concepts and ideas coming from physics. 

Once we had sufficient knowledge of the SMI, of human perception and the physics of 

image and sound, we defined a mathematical formalisation and reinterpretation of the 

key concepts of the SMI to be applied as the key concepts of a perceptual model for 

IVAs, taking into account some of the perceptual functions typical of human beings. In 
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this dissertation, we mainly focused on two of these key concepts- focus and nimbus -

as well as the set of awareness functions implemented in this dissertation with the aim 

of endowing the agent with "knowledge" of its surroundings, enabling this agent to 

gather enough information about its virtual surroundings before making a decisión or 

executing a specific action and to be able to react satisfactorily, as we would do in the 

real life. 

Once we had formalised the perceptual model, we had to select an appropriate agent 

architecture in which to use and test this perceptual model. This architecture had to be 

simple, the different blocks of which it was composed needed to be clearly sepárate, and 

also a balance had to be maintained between all of its components. From the range of 

criteria used to define and classify agent architectures, we selected a vertical layered 

architecture. 

The introduction of this perceptual model inside the agent architecture required the 

creation of a perceptual engine to manage not just the agent's sensitive perception, but 

also some other extemal and additional factors, such as attenuation. Thus, we proposed 

dividing the process of perception defined throughout this dissertation into two different 

blocks: 

- Perceptual engine: Implements concepts, such as focus, nimbus and flux of 

projection, which are common for all the agents in the environment. 

- Agent's perception: Implements what has been called "Clarity of Perception" 

(CP) in this dissertation as well as the specific agent's parameters. 

The perceptual engine is in charge of getting the physical details, such as position, size 

or sound intensity, of all the objects/agents (which we will cali items) that are 

surrounding the agent, calculating the nimbus of these objects/agents, getting the 

perceptual agent's details, calculating the focus shape of these agents and outputting a 

list with all the items that can be perceived by the agent according to the awareness 

functions and these physical details. The agent's perception component will calcúlate 

the clarity of perception with which the agent can perceive these items. 

241 



CONCLUSIONS 

The clarity of perception is a measurement of the ability to distinguish what kind of 

object are being perceived inside the agent's focus. This valué is retumed by the agent's 

perception block and depends on the agent's perceptual factors. 

We have modelled the agent's clarity of perception function, using the physiological 

studies described in sections 5.3 and 6.4 of this dissertation, proposing a set of 

mathematical functions specific for each selected media: visual and hearing. 

In a visual médium, we also made a distinction depending on where the object was 

located due to the fact that human visual perception in the foveal región allows to 

distinguish physical object's details but human visual perception in lateral región just 

allows to distinguish object's movement. 

We also proposed three modules to form the agent's perception block: Sensitive 

Perception, Attenuation and Infernal Filtering. The Sensitive Perception module 

simúlales the typical perceptual process by which organisms receive sensations from the 

environment, depending on some relevant sensorial concepts. The concept of 

Attenuation refers to a measure of the reduction in the sensitivity of perception - and 

therefore clarity of perception - experienced by the agent. This attenuation depends on 

severa! personal factors, but we have just focused on one of them here: attention. From 

a psychological point of view, attention is a selective functionality related to the 

subject's activation level, which depends both on the intemal status (such as tiredness, 

fatigue, etc.) and on any stimulating information or event from the exhibits. The agent's 

Intemal Filtering allows it to select, from an extensive focus that contains a lot of 

objects, the ones that really catch the agent's attention and on which the agent, 

therefore, concentrates. The act of selective perception takes place within the Sensory 

Register of a cognitive model, and depends on the agent's ínterests, Past Experiences, 

Altitudes and Beliefs, as well as its Present Situation or State ofMind. 

The final perceptual model allows an IVA to perceive its environment and surrounding 

objects in real-time with a human-like clarity of perception, giving it the chance to 

behave and react to stimuli in its environment, as well as to respond to interactions with 

the real world, making it interactive. 
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The implementation of our perceptual model had another important goal, which was the 

optimisation of computational resources. Although most mlVAS systems have a 

distributed implementation of perception, in which each agent is responsible for its own 

perception, our system introduces a semi-centralised approach to perception. This 

means that each agent is responsible for only a part of its own perception (agent's 

perception), while the system is responsible for the rest (perceptual engine). 

We have evaluated our agent's perceptual model inside the selected agent's architecture. 

To do this, first we have calibrated the perceptual model with the aim of obtaining the 

perceptual model parameters. After calibrating the model, we have made a scenario-

based evaluation with the purpose of corroborating if the results obtained by raising 

different scenarios were intuitively coherent with those we should obtain in the real life. 

Finally, we have selected a group of people to make the user's validation as well as to 

check the user's preferences and the model believability. 

The assessment of the degree of "clarity of perception" has been really difficult for our 

participants due to fact that this concept is very subjective and therefore it is very 

difficult to establish the boundaries between, for example, low and very low clarity of 

perception. 

However, as a whole, the results obtained in the validation have been quite successful: 

we got pretty coherent results in the scenario-based evaluation, the standard deviation 

was quite low (we got an average cióse to the 15%) and the user's reaction to our 

perceptual model was also successful, in spite of having worked with very simple 

agent's reasoning. 
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Future Work 

In this chapter, we will give an outline of some future lines of research and development 

in continuation of the work presented here. 

o Looking at the information processing model shown and explained in chapter 2, 

we find that perception is not a passive recording of sensory stimuli; the input is 

fíltered, transformed, interpolated and combined with other inputs to build a 

consistent, stable world. Perception compares incoming data with stored 

knowledge, makes a decisión and responds to this choice. We have not dealt 

with this comparison, but we think that this could be an interesting point for 

extending our perceptual model. 

o AIso in the information processing model, the working memory (WM) gets 

informatíon from the sensory information store (sensory register) by paying 

attention to this information (selective attention). Attention is guided by prior 

knowledge, i.e., what our goals are or what is important, etc. We have not dealt 
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with this selection process in our perceptual model, although we think that 

attention plays an important role in perception and, therefore, it should be 

introduced in a future versión of our perceptual model. 

o Looking at the COGNET model, shown and explained in chapter 2, we find that 

COGNET is based on a theoretical model of human Information processing that 

has four sepárate types of knowledge used by the four architectural components. 

The third type of knowledge is used by the perception process, which is 

responsible for intemalising the events occurring in the extemal world by 

transfortning them into symbolic declarative knowledge and placing them on the 

extended working memory blackboard. This perceptual knowledge is mediated 

by perceptual demons that react selectively to specific types of extemal events 

and post appropriate symbolic entries (i.e., hypotheses) on the blackboard. In our 

perceptual model, we did not process the surrounding events. However, these 

events could modify the outgoing clarity of perception. It would be interesting to 

consider how to introduce extemal events in our perceptual model. 

o Our perceptual model is based on the abstract idea that, signáis propágate freely 

in a virtual environment. As these signáis move through the environment, they 

could encounter a Signal Processor Block. This signal processor block could 

modify the characteristics of the environment and, therefore, the signáis it 

outputs would add to the initial signáis and all of them would propágate on. A 

possible extensión of our perceptual model might determine how to introduce 

this block in our perceptual architecture. 

o The notion of adaptors that Benford used in the Spatial Model, as objects which 

can modify another object's aura, focus, nimbus and, henee, awareness [Benford 

93a] becomes ambiguous in our approach. For example, within the spatial 

model, a megaphone, which modifies the physical projection of an object and 

henee the perception that all agents or avatars have of this object, is an adaptar, 

as are binoculars, which only modify the sensorial perception of the 

environment of one agent or avatar and not the physical projection of any object 

. We propose that a distinction should be made between the two: 

o Physical adaptors: These modify the physical environment and, henee, 

the physical perception of this environment. For example, a megaphone 

or a loudspeaker. This kind of adaptor adapts nimbus. 
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o Perceptual adaptors: These modify the sensorial process of perception by 

means of which an agent receives sensations from the environment. For 

example, binoculars or a magnifying glass. This kind of adaptor adapts 

focus. 

Physical adaptors are not difficult to process, because this will mostly involve 

just a scaling of amplitude, which will increase or decrease the signal. But a 

perceptual adaptor will be more complicated to process, because this will depend 

on some additional parameters characteristic of the sensorial perception process. 

o When we designed our perceptual model, we considered that attenuation has an 

effect on the perceptual process. We also studied what form this effect could 

have. In fact, we found some experimental results [EEG 02] that demónstrate 

how attenuation varíes smoothly over the time. Although this varíation is not 

exactly a Gaussian (there are a lot of peaks associated with changes in the 

electroencephalogram), we think that this effect could be approximated quite 

accurately in this fashion. Thus we would like to extend the perceptual model by 

approximating attenuation as a Gaussian function depending on a perceptual 

reference valué and the absolute time over which the agent is perceiving its 

surroundings. 

o Similarly, we also proposed an intemal fíltering block that would select 

Information that is reaching the agent via its senses. However, we have not 

implemented this block yet. 

o In the visual perceptual model, we have not yet considered the effect that light 

rays have on the retina. We already mentioned in chapter 5 of this dissertation 

that light rays coming from cióse objects diverge and need more refraction for 

focusing on the retina and light rays coming from distant objects are nearly 

parallel and do not require as much refraction for focusing on the retina. 

Moreover, the human ability to focus an image also depends on two factors: the 

shape of the eyeball and the shape of the lens. We would like to study what kind 

of influence all these factors have - light ray tracing, eye ball shape and lens 

shape - on the clarity of perception, and how we could include all of these 

factors in our perceptual model. 

o In the hearing perceptual model, we only considered the human voice pattem. 

However, we should also consider different sound pattems, introducing a wide 

variety of nimbus shapes, depending on the sound source. It will also be useful 
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to introduce an additíonal function that would allow the agent to lócate the sound 

source and determine where the sound is coming from. 

o Although this model has been integrated with MASSIM_AGENT, the perceptual 

model that we have designed and implemented is independent of any VE system 

or agent platform. In fact, our next goal is to intégrate this model with the system 

being built within a project called MAEVIF (Model for the Application of 

Intelligent Virtual Environments to Education and Training). This project is part 

of the Spanish National R&D Plan (TICOO-1346). 

o We are also going to study some possible ways of improving the efficiency of 

the algorithms used to implement our perceptual model, as well as the 

integration with MASSIM_AGENT. 

o We would also like to continué validating the model with a further sequence of 

working scenarios and user test situations so as to demónstrate the unreserved 

validity of the model. 

o In appendix A, we detail a preliminary experiment on awareness of proximity 

and interaction with other parties. This experiment was developed as a part of a 

European project called Amusement (Esprit Project 25197). The "Oíd Man"'s 

perception was implemented using a safety camera and the behaviour of the 

"Oíd Man" was very simple (the "Oíd Man" was a very simple agent). We want 

to extend this experiment with an "Oíd Man"-agent endowed with the perceptual 

model presented in this dissertation. This experiment would share the same aim 

as the original experiment: to study how the "Oíd Man" reacts to newcomers. 

We would like to compare and analyse the results obtained in the two 

experiments. 

o In the appendix B, we describe a new Une of research that we have already 

started up with the aim of extending and reinterpreting the Spatial Model of 

Interaction in the context of asynchronous Web applications. We also want to 

continué working on this new Une of research. 
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The Oíd Man Experiment 

This experiment was conducted as part of the Amusement Esprit Project 25197 [Herrero 98a], 

[Herrero 99]. This experiment was run in parallel to another experiment, called Run & Freeze 

[Herrero 98b], which was also part of the Amusement project and which used the same 

system of perception for different purposes. 

The "Oíd Man Experiment" pursued three objectives: to study the acceptance or rejection of 

newcomers, to study the fíeld of "mixed reality" in more depth and to investígate perception. 

This is an interactive experiment (Figure 1), in which any spectator can take part. The 

experiment is based on a huge screen on which an avatar representing an Oíd Man will show 

up. The screen, large enough to represent the Oíd Man in full size (Figure 2), must be located 

in a public space, and people must be allowed to get cióse to it. The system includes a hidden 

camera to detect people moving and approaching. 



THE OLD MAN EXPERIMENT 

For our experiment, we used a 3m x 2m screen on which the Old Man was projected, a 

SELCO CCD B/N 1/3" BLC 380TVL.AESC.230VAC camera with two lens types: a 3.5-

8mm A/I VARIFOCAL lens with an angle of visión of approximately 72*', as shown in Figure 

3, and a 1.6-3.4 mm A/I F1.4 1/3" VARIFOCAL lens with an angle of visión of 180", as 

shown in Figure 4. Using the two lenses, we can simúlate the angles of visión existing in both 

real life and a virtual world. Thus, we can represent the angle of visión of an avatar in a 

virtual world using the first lens type and we can represent the angle of visión of a person in 

real life using the second lens type [Santos 01]. 

The Old Man was designed with Alias Power Animator on Silicon Graphics 0/2 stations, and 

the software was developed using DirectSD and Microsoft Visual C++ tools. A Frame 

Grahber SDK and a Data Translation DT3153 card were used to capture and observe the 

images. 

This is a two-scenario experiment. The first scenario shows the Old Man going for a walk 

around a beautiful green park near the Amusement Centre on a glorious evening, and the 

second scenario takes place in a square of the Amusement Centre. In both scenarios, the Old 

Man sits down on a bench and quietly starts to read a newspaper while a bird flutters by. It is 

then, while the Old Man is sitting on the bench, that he starts to interact with his audience. 

Figure 1 The Old Man 

When people approach the bench, the Old Man will react. He is programmed to attract people 

or reject people depending on the situation. If anyone approaches the Old Man while he is 

reading his newspaper and gets too cióse, the Old Man could get a fright and drop the 
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newspaper, shield himself with the newspaper or show some interest in the person. Our 

experiment was designed as follows. 

Figure 2 The Old Man experiment 

Figure 3 Image taken with an angle 

of Vision of 72" 

Figure 4 Tmage taken with an angle 

of visión of 18" 

The behaviour of the Old Man is govemed by an algorithm that contains two different 

situations. The first one, called attract situation, happens when the Old Man tries to catch the 

user's attention. In this scenario, the Old Man looks at the spectator and the application 
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generates pre-programmed animations and gestores to cateh the spectator's attention. In the 

second one, called rebuff situation, the Old Man rebuffs the spectator, trying to make him go 

away. 

Attract Situation 

In this situation, we have a series of different áreas of reaction, as shown in Figure 5 and 

Table lbe low: 

yo = 0 

X o = O 

Figure 5 Intervals in "Attract Situation" 

Range The Old Man's Reaction 

A 

B 

C 

(xl,x2), (x5,x6) 

(x2, x3), (x4, x5) 

(x3,x4) 

Loóks at the spectator 

Tries to catch spectator's attention 

Watches the spectator's reaction 

Table 1 Intervals in "Attract Situation" 

Where the valúes of the variables Xi, X2, X3, X4, xs and xg depend on the angle of visión of the 

camera with which we are working. 

In this experiment, we located the origin of co-ordinates at the camera's position, the user's y-

co-ordinate was a fixed valué (yi=lmetre) and the user's x-co-ordinate was any of the set of 

valúes shov^nin Table 2. 

-1 -0.75 -0.5 0.5 0.75 1 

Tabie 2 Intervals in "Attract Situation" 
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Nobody Spectator 
moves into 

areaC 

Spectator 
moves into 

Freeze Freeze 

Figure 6 State diagram in "Attract Situation" 

According to the state diagram in the attract situation (Figure 6), the Oíd Man waits reading 

his newspaper until he perceives the presence of a spectator. Then, if the person is in área A, 

the Oíd Man looks at the spectator, if the person is in área B, the application issues gestares of 

attraction, and if the person is in área C, the Oíd Man watches where the spectator goes. 

If the Oíd Man is watching the spectator and the spectator stops, the Oíd Man looks at him for 

a while. However, if he moves again, the Oíd Man will start to watch where he goes. If the 

Oíd Man is watching where the spectator is going and the spectator moves into área B, the 

application issues gestures of attraction. If the program issues gestures of attraction and the 

person stops, the Oíd Man will look at the spectator for a while. 

Rebuff Situation 

According to the state diagram in the rebuff situation (Figure 7), the Oíd Man waits reading 

his newspaper until he perceives the presence of a spectator. Then, the Oíd Man watches 

where the spectator is going for a while, after which the program issues a gesture of rejection. 

If the Oíd Man is watching the spectator and the spectator stops, the Oíd Man will look at him 
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for a while. However, if the spectator stays stil!, the application will issue another gesture of 

rebuff. If the spectator moves while the program is in this state, the Old Man will again watch 

where the spectator goes until the spectator moves off. 

Movement t<1.5 

Nobody 
^•^SíS '̂.. 

Somebody ^ 1 ^ ^ ^ ^ ^ ^ Freeze 
xpecting • watching i • 

Nobody 

Movement 
t=5 

Bustle 
Rebuff 

Figure 7 State diagram in "Rebuff Situation" 

Some of the above-mentioned Old Man's gestures are illustrated in the following sequence of 

figures (Figures 8-12) [Herrero 99]. 

Figure 8 The Old Man is sitting in a park reading a newspaper 
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Figure 9 Something catches his attention 

^ ü ^ 
^^P''*wBl|i 

' " * •» •• • i i 

Wá 
Figure 10 Tlie Oíd Man is curious Figure 11 The Old Man tries to catch the 

spectator's attention by greeting him 

Figure 12 The Old Man gets angry (he wants the public to stop looking at him) 

The aim of this experiment was lo study the human reaction to the different situations raised. 

From the beginning, we have been looking for a more reahstic model of perception and 

interaction and, for this reason, it was fundamental to experiment with human beings. As a 

conclusión of this experiment, we realised the relevance of introducing a significant set of 

reactions to newcomers, how important the lateral área of perception is, and how user 

intentions and the Old Man's reactions are different in this área. We also took experimental 

valúes for the angles describing the focus concept, and we endowed the Old Man with a 

mínimum but optimal reasoning level, the "Old Man" was a very simple agent fumished with 

a simple model of perception - the camera's focus- and endowed with a very simple 

behaviour. 
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An Extensión to Web-Based 
Environments 

Examining the current approaches to web-based communication and coUaboration, we can 

identify two very different solutions: asynchronous communication and synchronous 

communication. This approach involves different users sharing information through a web 

application without the requirement of being connected at the same time. In this case, the user 

is not aware of other users that might be connected, the feeling of immersion and shared 

presence is nuil, and the degree of interactivity is very low. The second approach involves all 

the users meeting and interacting in a multi-user collaborative environment. Some of these 

environments take the form of three-dimensional virtual worlds where every connected user is 

represented by an avatar. There can be autonomous agents populating the world too. The 

concept of awareness of other users assumes very different meanings depending on the 

situation. In 3D web-based collaborative environments, awareness of other participants may 
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have a physical interpretatíon, while awareness in non-graphical environments must be 

interpreted in a more abstract way. 

The aim of this new research Une started up at the Universidad Politécnica de Madrid is to 

make a new formal awareness model based on the reinterpretation and extensión of the 

Spatial Model of Interaction. But this model not only extends and reinterprets the key 

concepts of the SMI, but also takes into account some of the human-like factors that we have 

introduced in this dissertation - like, for example, Sense Acuity and Intemal Filters. The new 

abstract reinterpretation that we are going to develop will be applied to the context of 

asynchronous WEB applications and 3D Web-based CoUaborative Environments. 

An Asynchronous Interpretatíon of our Key Awareness Concepts 

Some research has already been carried out by our research group to make this extensión 

possible. An example of this is the final-year project supervised by P. Herrero in 2002 

[Fernández 02] and the paper published at the Workshop on Awareness and the www in the 

ACM Conference on Computer Supported Cooperative Work 2000 (CSCW'OO) [Herrero 

00b]. 

The outcome of this research has been an abstract and preliminary interpretatíon in the 

context of an asynchronous coUaboration of both the key SMI concepts and some of the 

human-Uke factors introduced in this dissertation. In this interpretation, all these key concepts 

have been defined as: 

o Awareness: 

This concept will quantify the degree, nature or quality of asynchronous interaction 

between a user and the WEB-based environment. 

o Focus: 

It can be interpreted as the subset of the web space on which the user has focused his 

attention. It can relate both to content and to other users. Regarding content, it can be 

computed by coUecting Information about the set of places that the user has visited 

while navigating through the Web and the set of resources that have been used. 
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Regarding other users, it can be computed by collecting information about áreas of 

common interest and effective past interactions. 

o Nimbus: 

It is the user's projection over the WWW space. It can be defined as the set of owned 

resources that the user is interested in sharing with others and the kind of other users 

that could or should be informed about the user's activities. 

o Aura: 

As in CVEs, this concept will be used to determine the potential for user interactions. 

o Boundaries: 

They are used to divide the web space inte different áreas and regions and provide 

mechanisms for marking territory, controUing movement and for influencing the 

interaction properties of the web space. 

o Sense Acuity: 

This concept will be used to limit the depth of search for interesting contents or users 

and the kind of information that the user can receive from the web site. The máximum 

number of links to be crossed and the format of the information can be established. 

The concept of Visual Acuity, which has been used in CVEs, can be interpreted as the 

extent of restrictions on the visual information that the user can receive from the web. 

A máximum acuity valué will authorise the user to get all kinds of visual information 

(images and videos) from the web, while a mínimum valué will forbid him to acquire 

visual information. Similarly, Sound Acuity can be interpreted as the level of 

permission to receive sound effects from the information that is displayed at the web 

site. 

Just as in UNIX with its files and directories, it could be interesting to define a series 

of permissions to control the reception of information from the web: 

T (General Acuity): Permit access to just text information. 

V XXX (Visual Acuity): Permit xxx types and amount of visual information 

S xxx (Sound Acuity): Permit xxx types and amount of sound effects 

o Interna! Filters: 
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Foeus and nimbus could be restricted by the üser's intemal state and desires. For 

instance, focus could be restricted through potential coUaborator's profiles and through 

content filters. We will only be aware of the users that are within our focus and fall 

into our defined profiles. The history of previous interactions and their effects on our 

mood or intemal state can also restrict our focus or nimbus, Thus, a successful 

interaction will increase our level of attention to users or contents that fall into a 

similar profile. 

An Implementatíon of This Interpretatíon 

This asynchronous interpretation of these awareness concepts has already been implemented 

in a prototype system, called MADEW (Awareness Models developed in Web Environments) 

(Figure 1) to be used for training and educational purposes. MADEW is the final-year project 

of one of our most exceptional students. This project was supervised by P. Herrero in 2002 

and wasawarded top marks [Fernández 02]. 

MADEW was implemented as an electronic trademark course that an enterprise offered to its 

employees. This course controUed employee access to some specific web áreas, the format in 

which employees could access this information (visual or auditory) and the kind of 

information they could pick up from the course. The hierarchy of permissions was established 

by the enterprise depending on the position of the employee in the enterprise. 
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Curso de Comercio Electrónico 

i ¿Qué es el Comercio electrónico? 

Comercio electrónico (CE) es cualquier forma de transacción comercial 
en la que las partes se comunican entre sí por medio de ordenadores. 

Por ejemplo, las comunicaciones a través 
de FAX No son consideradas CE 

a pesar de utilizar medios electrónicos. 

En cambio, sacar dinero de un cajero automático 
sí es considerado como Comercio Electrónico 

ya que se requiere ía intervención de una red de ordenadores 

ÍNDICE D E CONTENIDOS: 

PARTE I: Generalidades 

m 
(B 

PARTE il iComercio Electrónico en España 

PARTE III; creación de una Tienda Virtual 

^ ' ^ ' ' ^T^ i l l ' í / ' ^ f f i í o ' s^ 'bm Recles"'™™! 

1 

1 

Figure 1 MADEW system 
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Boundañes 

In this appendix, we will give an overview of some studies conducted at the 

Universidad Politécnica de Madrid with the aim of introducing boundaries into our 

model. 

These studies have been run from two very different points of view with the aim of 

analysing how boundaries can modify not just the shape and design of the key concepts 

introduced into our perceptual model, but also the physical characteristics of the 

information which is being propagated through the physical space. 

1. PHYSICAL DEFORMATION 

This study was carried out theoretically at first, but was later implemented as a visual 

application. This application was the final-year project of one of our most exceptional 

students, which was awarded top marks and was supervised by Pilar Herrero [Vázquez 

01]. 



BOUNDARIES 

The aim of this research was to study how the key concepts of the Spatial Model of 

Interaction (SMI) are deformed by the presence of objects that were acting as 

boundaries in the environment. More specifically, this final-year project focused on two 

ofthese key concepts: the object focus and the objectnimbus. 

The application was built in a 2D environment. We made a couple of assumptions: the 

focus shape was a circular sector and the nimbus shape was a circumference. 

The modifícation of the shape of both concepts depends not just on the kind of 

boundarybut also on the boundary's shape. 

1.1. DEFORMING THE OBJECT FOCUS 

The pseudo-code associated with this deformation was: 

1. Detect the boundaries withwhich itispossible tó interact. 

2. Having determined these boundaries, for each one (O,), it is necessary to get: 

á. The set of boundary vértices, which we have called the "Significant 

Po/ntó" in this project (see section 1.1.1). 

b. Having established the vértices, for each one (Fy): 

i. Define segments between the centre of the focus shape (OC) and 

the vértex (Fi/). 

ii. Having establishéd the segments, calcúlate the straight line 

definedby each ofthese segments (S'j/) and the other boundaries. 

iii. Taking into account the set of straight Unes obtained in the 

previous point, calcúlate which intersectwith the focus shape. 

iv. Fromthepointsof intersection calculatedin the previous step, get 

the points that are the closest to OC md furthest away from F/,. 

Each of these points will be called i*y and will be part of the 

deformed shape. If F/, is not coincident withP,y, then F/, will also 

be part of the deformed shape. However, if there is any point of 

intersection clóser to OC than Vij, there will be no points of 

deformation related to this vértex, and the set of points obtained 

will be part of the set of "Fw«/Powtó" (seesection 1.1.2) used in 

the deformation. 
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3. From the previous step, we got all the points necessary to define the deformatíon 

of the focus shape. However, the points have to be ordered by an ordering 

algorithm to define the correct deformation shape (see section 1.1.3). 

4. It could be necessary to add some of the circular sector vértices to the list of 

''Final Points": 

a. If the first point of the previously ordered list of "Final Points" is not on 

the lower edge, then we have to add the vértex associated with that edge. 

b. If the last point of the list of previously ordered "Final Points", is not on 

the upper edge, then we have to introduce the vértex associated with that 

edge. 

c. If the centre of the circular sector (OC) is not in the list of previously 

ordered "Final Points", then we have to add it as the first point of the 

ordered list of final points. 

5. Divide the deformed circular sector shape into different simple figures like 

circular sectors and triangles to build the resulting deformed circular sector 

shape taking the previous points as starting points. 

6. Finally, draw the deformed circular sector shape, tracing the outline of the 

figures that define the outline of the deformed circular sector shape (Figure 1). 

Figure 1 Deformed Focus 

1.1.1. Focus Significant Points 

Focus Significant Points are points that help to identify the shapes contributing to the 

deformed focus shape. Initially, significant points are determined by each of the 

boundaries that intersect with the deformed focus shape in the environment. 

At first glance, one might think that these points are the vértices of these boundaries. 

However, this not the case, because: 
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l.-Depending on the boundary position related to the centre of the circular sector 

shape, we will have to discard the vértices that are hidden by the actual boundary 

(see the diamond vértices in Figure 2). 

R t 
I-.... " \ V \ / //>•" -9^ 

Figure 2 Selected vértices with a circle and discarded vértices with a diamond 

2.- Having discarded these vértices, we also have to discard, from the remaining set 

of vértices, the vértices that are outside the circular sector shape. Instead, we are 

going to consider the points of intersection between the edges coming out of 

these vértices and the border of the circular sector shape (see the diamond 

vértices in Rgure 3). 

Figure 3 Selected vértices with a circle and discarded vértices with a diamond 

1.1.2. Final Points 

The best way of understanding what points have to be considered as Final Points is by 

means of an illustration using a couple of examples. 

1. If boundaries do not interfere with each other, then each of the boundaries is 

contributing independently to the set of final points (Figure 4). Moreover, it is 

necessary to add the three vértices of the circular sector. 
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Figure 4 Final Points 

2. However, if a part of the object is in hiding, as is the case in the example shown 

in Figure 5, the final points provided by each of the boundaries have to be 

carefuUy analysed. In Figure 5 (A), we can see that of all the final points that the 

boundary 1 should provide - 4 points if no other boundary was interfering - just 

2 of these points are contributing as final points, because of the presence of 

boundary 2 (the diamond point means that the other two points cannot be 

introduced). In Figure 5 (B), we can see the final points provided by boundary 2, 

one of the final points provided by this boundary is on boundary l's edge. In 

Figure 5 (C), we can see the final points provided by the vértex of the circular 

sector. From this figure, we can appreciate that the diamond point is obstructing 

the incorporation of the third vértex. The set of final points is the unión of all the 

final points provided by each of these boundaries and the circular sector figure. 

Boundary 2 

l \ i \ (lí) 

Boundary 1 

Figure 5 Final Points with a circle 

1.1.3. Ordering Algorithm 
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In this project, we used a basic ordering criterion and some additional entena for some 

specific situations that could occur while the application is ranning. In this section we 

are going to explain what the basic criterion is, referring readers to the final-year 

dissertation [Vázquez 01] for more information about the additional criteria. 

The basic ordering criterion is that given two points Pi and i'2, -Pi is said to be greater 

than ^2 related to the origin of co-ordinates OC and the origin angle a (Figure 6), and 

we write Pi >(?ca-P2» if : 

«1 ¥= «2 and «1 > Oz 

•where: ' 

• a is the angle defíned by the lower edge of the circular sector. 

• aiisthe angle of the straight line defíned by OG-Pi dependent on a. 

• Cfe is the angle of the straight line defíned by í)C-i'2 dependent on a. 

- • . { 

h 

\ « 2 

OC y 

V V 

r V 

^Pi 

^> 
.~ 

Pi 

ax^az, a2>a\->P2>ocP\ axtai^ai > G Í - > P^ >OCP\ 

Figure 6 Ordering Criterion 

1.2. DEFORN4ING THE ÓBJEGT NIMBUS 

The pseudo-code associated with this deformation was: 

1. Detect the boundaries with which it is possible to interact. 

2. Having determined these boundaries, for each one (O,), it is necessary to get: 

a. The set of boundary vértices, which we have called the "Significant 

Points" in this project (see section 1.2.1). 

b. Havingestablishedthese vértices, for each one (Fj,): 

i. Define segments between the centre of the Gircularnimbusshape 

(OQ and the vértex (í^). 
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ii. Having established these segments, calcúlate the straight line 

defined by each of these segments (Sij) and the other boundaiies. 

iii. Taking into account the set of straight Unes obtained in the 

previous point, calcúlate which intersect with the circular nimbus 

shape. 

iv. From these points of intersection calculated in the previous step, 

get the points that are the closest to OC and furthest away from 

Vij. Each of these points will be called Py and will be part of the 

deformed shape. If Vy is not coincident with Py, then Vjj will also 

be part of the deformed shape. However, if there is any point of 

intersection closer to OC than Vy, there will be no points of 

deformation related to this vértex and the set of points obtained 

will be part of the set of "Final Points" (see section 1.2.2) used in 

the deformation. 

3. From the previous step, we get all the points necessary to define the deformation 

of the circular nimbus shape. However, they have to be ordered by an ordering 

algorithm to define the correct deformation shape (see section 1.2.3). 

4. To build the resulting deformed circular shape taking the previous points as 

starting points, divide the circular shape deformed into different simple figures 

like circular sectors and triangles. 

5. Finally, draw the deformed circular shape, tracing the outline of the figures that 

define the outline of the deformed circular shape (Figure 7). 

Figure 7 Deformed nimbus 

Note: The sequence of steps in the pseudo-code is similar for deforming both focus and 

nimbus, the difference lying the intemal procedure for completing each of the steps, that 
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is, how the list of significant or final points is calculated. The pseudo-code for 

defomüng the focus shape has another impoitant difference: an additional step (number 

4), which ís not necessary for deforming the nimbus shape. 

1.2.1. Significant Points 

Significant points are the points that help to identífy the shapes contributing to the 

deformed circular nimbus shape. Initially, significant points are determined by each of 

the boundaries that intersect with the deformed nimbus shape in the environment. 

At fírst glance, ene tnight think that these points are the vértex of this boundary. 

However, this not the case, because: 

1. Depending on the boundary position related to the centre of the circular shape, 

we will have to discard the vértices that are hidden by the actual boundary (see 

the diamond vértices in Figure 8). 

Figure 8 Selected vértices with a circJe and discarded vértices with a diamond 

2. Having discarded these vértices, we also have to discard, from the remaining set 

of vértices, the vértices that are outside the circular shape. Instead, we are going 

to consider the points of intersection between the edges coming out of these 

vértices and the border of the circular shape (see the diamond vértices in Figure 

- 9 ) . • ; 
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Figure 9 Selected vértices with a diamond and discarded vértices with a circle 

1.2.2. Final Points 

The best way of understanding what points have to be considered as Final Points is by 

means of an illustration using a couple of examples. 

1. If boundaries do not interfere with each other, then each of the boundaries is 

contributing independently to the set of final points (Figure 10). 

Figure 10 Final Points 

2. However, if a part of the object is in hiding, as is the case in the example shown 

in Figure 11, the final points provided by each of the boundaries have to be 

carefuUy analysed. In Figure 11 (A), we can see that of all the final points that 

boundary 1 should provide - 4 points if no other boundary was interfering - just 

2 of these points are contributing as final points, because of the presence of 

boundary 2 (the diamond point means that the other two points cannot be 

introduced). In Figure 11 (B), we can see the final points provided by boundary 
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2, one of the final points providéd by this boundary is on boundary 1 's edge. The 

set of final points is the unión of all the final points providéd by each of these 

boundaries.. 

Boundary 2 

Boundary 1 

Figure 11 Final Points with a circle 

1.2.3. Ordering Algorithm 

In this projeet, we used a basic ordering criterion and some additional criteriá for some 

specific situations that could occur while the application is running. In this section, we 

are going to explain what the basic criterion is, refening readers to the final-year 

dissertation [Vázquez 01] for more information about the additional criteriá. 

The basic ordering criterion is that given two points Pi and P2,Pi is said to be bigger 

than P2 related to the origin of co-ordinates OC (Figure 12), and we wtite Pi>ocP2, íí' 

ai ^ Oi and a\ > Oz 
where: 

• OTi is the angle of the straight líne defined by OC-P\. 

• «2 is the angle of the straight line defined by OC-P2. 
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1.3. APPLICATION 

aijia2, 0:2 >Gi —> P2 >oc P\ 

Figure 12 Ordering criterion 

This application shows the agent's focus and nimbus deformation while it is moving 

around the environment and interfering with some boundaries. The user can introduce 

ene or more agents and one or more boundaries, interacting with each of them using the 

keyboard, mouse or application menú. For more Information about this application, see 

the final-year dissertation where it is explained in detail [Vázquez 01] 

CMimíbVírtualGrafico 

Figure 13 Avatar's Environment 
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2. INTMNSIC DEEORMATION 

As an altemative to the geometrical studies conducted on boundaries, we have analysed 

boundaries from a different point of view, introdücing the waves theory of physics 

applied to signal propagation in a physical médium. This approach gives another 

perspective on modelling human-like perception [Herrero Ola]. 

As already mentioned in this dissertation, the perceptual senses -such as eyes or ears-

react to the physical stimulus they are receiving from the médium, but we have not yet 

mentioned how these stimulireach the receptors. 

In a visual médium, the light rays propágate as an electromagnetic wave inte the human 

eye. Thése rays are reflected from any objectwe look at and their final destination is the 

retina, vi'hich will transmit the result of the signáis received to the brain. Light is 

propagated by transverse waves and sound is propagated by longitudinal waves, so it is 

feasible to understand physical perception as a problem of wave propagation. 

2.1. ABRIEFREVIEW OF WAVEMOTION 

Waves are divided into two types, according to the direction of the displacements in 

relatión to the direction of the motion of the actual wave: 

• Longitudinal wave: The vibration is parallel to the direction of motion. Sound waves 

typify this formof wave motion. 

. Transverse wavé: The vibrations are at right angles to the direction of motion. A 

transverse wave may be mechanical, such as the wave projectéd along a taut string 

that is subjected to a transverse vibration; or it may be electromagnetic, such as 

light, X-ray,or radio waves. 

Some mechanical wave mótions, such as waves on the surface of a liquid, are 

combinations of both longitudinal and transverse motions, resulting in the circular 

motion of liquid partióles. 
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2.1. AN OVERVIEW OF OUR APPROACH 

If the input to the perceptual model is a wave front that is characterised by parameters 

such as: frequency, amplitude and wavelength, when this front passes across the 

boundary, the resulting wave front could have modified its parameters - according with 

the physical characteristics of the boundary - and/or the flux of information passing 

through, originating different states of transit. According to these states, we propose a 

new classification of boundaries for our perceptual model (Figure 14). 

Stíiteófí^^ 

Full 

Nuil 

Partial 

Conditional 

Transformed 

Non-Obstractive 

Totally Obstructive 

Semi-Obstructive 

Conditionally Obstructive 

Transformer 

Non-Obstructive: 

Totally Obstructive: 

Semi-Obstructive: 

Boundary interference will be minimal, but it will have to 

be processed with its properties, which are grouped into 

three categories [Koleva 99]: 

• Permeability: Properties of visibility, audibility and 

solidity. 

• Situation: Properties of location, alignment, 

mobility and segmentation. 

• Dynamics: Properties of lifetime and 

configurability. 

No perception is possible through the boundary. 

The perception will depend on the size and nature of the 

boundary. For processing, it is essential to know the 

boundary médium, number and size. The size will lead to 

different processing: 

• Smallsize: It will be processed like an opening 

and/or a very small object. 

. Médium Size: Focus and nimbus deformation and the 

shadow effect will need to be studied. 
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This could, perhaps, be the most 

common situation in this approach. 

• BigSize: Perception will be difficult, so it is 

workabletoconsiderthis boundary as a 

tptallyobstructive situation. 

• Co«í//rto«fl//j'Oéí/TMcí/ve: Perception will depend on two aspects: 

• Isitpossibletomodifythishoundary? 

For example, if there is an opaque closed door in front of 

US, this door will obstruct our perception. But if this door 

has a key ánd we can get the key, we could open the door 

and our perception of the environment will change as a 

consequence of this. 

' Can the (above-mentioned) change in the boundary give 

rise to an opening? 

If this happens, then the problem will depend on the 

opening's size and shape. 

• Transformer: The boundary willmodify the perception process. These 

modifications will mainly depend on the physical 

properties of the materials which constitute the boundary 

[Koleva 99] and on distance. 

According to the above-mentioned boundary classification, different wave propagation 

phenomenamay occurdepending of the boundary type: 

• Interference (wave motion): This effect will occur when two or more waves 

overlap, for example, with a semi-obstructive boundary with more than one 

opening (or small size object). When waves interfere with each other, the height 

of the resulting wave depends on the frequencies, relative phases (positions of 

the peaks and troughs), and heights of the interfering waves. So, there are two 

different sorts of interference: 

o Constructive interference: This occurs where two overlapping waves of the 

same frequency are in phase, with matching peaks and troughs. The two 

waves combine to form a wave of height equal to the sum of the individual 

heights of the original waves. 
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O Destructive interference: This occurs when two overlapping waves of the 

same frequency are out of phase, with opposite peaks and troughs. The two 

waves cancel each other out. 

Waves that have different frequencies or that are not entirely in or out of phase 

have more complex interference pattems. 

. Diffraction: This phenomenon will occur when waves spread and bend as they 

pass through small openings or around barriers, for example, with a 

condítionally obstructive boundary that gives rise to a small opening. This 

diffraction will be more pronounced when the opening, or aperture, or the barrier 

is similar in size to or smaller than the wavelength of the incoming wave. 

. Reflection: This will occur when the wave is retumed after hitting a surface. For 

example, with a non-obstructive boundary, when energy, such as light or 

sound, travelling from ene médium encounters a different médium, part of the 

energy usually passes on, while part is reflected. Rough surfaces reflect in many 

directions, and this reflection is called diffuse. To reflect a wave train, the 

reflecting surface must be wider than one-half the wavelength of the striking 

waves. 

277 



BOUNDARIES 

Is there a boundary? 

What kind of boundary is it? 

No No 
Boundary 

Yes 

Non-Obstructive 

Transformer Conditionally 
Obstructive 

Processing 

Totallv Obstructive No 
Perception 

l^'^fsssaí <-^^^^-S>y ^ 

Gan it be modified? 

No 

No 

Processing 

Isitbig? 

No 

PiocciSing a medium-bi/ed object 
• i-otusand nimbus dcloinution 
•-\ Shadow.ettect, 

Yes 

Yes 

Can it give rise to an opening? 

Yes 

No 

Isitbig? 
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No 

M 

Procesóme a sraall si7cd 
opemng oi obio*.! 

Figure 14 Processing Boundaries 
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In this appendix, we will give an overview of the different kinds of test used to get a 

measure of visual acuity in human beings. Visual acuity can be measured by several 

different tests that depict different qualities of visión. The basic test is the '7/«e tesf\ 

which has at least five optotypes (test symbols) on the test lines and the spaces between 

the optotypes are equal to the width of the optotypes in that line. The distance between 

the test lines is equal to the height of the lower line. This design was proposed as a 

Visual Acuity Measurement Standard at the Consilium Ophthalmologicum Universale 

by the Visual Function Committee in 1984, although it was originally desciibed in 

1868. 

We have selected three different kinds of "line test" to tune the visual acuity parameter 

introduced in section 5.1 of this dissertation: 

l.-The LEA paediatric visión tests and games to train children to perform in 

quantitative visión testing [Lea 02] 

2.-The random E's paediatric visual acuity test [Volpe 02a] 

3.-The visual acuity tests designed by Roberto Volpe & Timothy Albert [Volpe 02b] 



VISUAL TESTS 

1. LEA PAEDIATRIC VISION TEST 

The LEA visual acuity tests are recommended for use in pre-school children. The 

purpose of this study was to compare the testabiUty and latency to perform the LEA 

visual tests and, therefore, they are usually run before the random E's paediatric visual 

acuity test. We have selected three of the games proposed by the LEA tests. They are: 

a) Colour Game: This game trains children to perform in colour visión testing. Al! 

they have to do is to click one of the small colour caps on the left hand side to 

make it appear in the centre of the colour circle, then compare its colour with the 

colours of the colour circle and click the one that appears to be the same colour. If 

the cholee is correct a smiling face will appear. If it is wrong a sad face will 

appear on the cap for a brief moment (Figures 1, 2, 3 and 4). 

Archivo EdCN̂  V» Fdvciril« Hatamefta Ayuda 

Q"'--- - O • 3 i á í í i pEtoguwta ••¿,-F.v.*« iy>FUU«eJ. @ ¿ í ' ^ [ ^ ' 

DirtL^ü ijghrl:p!//>wtv.l»-ts!r.ti;4arTatfcolor/pvl.hlnilil'tap 

• ü - ^ 
tfiB" vieulíi " 

ÜD Mí>'Jlmm,lea-lrr¡t.l\lgi¡inalcda!m\JZ.H!ii 

Figure 1 Starting point in the game 
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3 (mp://www.(M tcst.tiígamco/ciilar'pvl.lí.t i l inl Mittosotl íntEfoet Euptorcr 

It&tM Edkrin ver Favoritos HenamtWitM íiyuifs 

Figure 2 Colour selection 

3 httpTÍ/wwv/.(ca lpst.1lígBmc!/coUn/piíJ_12.Mml HIctoioH Intarnol Lxplorer 

Arthlvo Etítiíii Wa Favoritos Waramientos Ayuda 

O i á l á í i /'Búsquada ' , . . - F . . « t « « I f 'FU i .ad . 0 ¿ ^ . ; ¿ ( ^ - [ J . ^ 

* • 

Figure 3 Correct choice 
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J hnpiJ/wwtv.tca tcst.ll/ganwt;cali>(/pvl_1I.hlrtil Mlcroiall Intci iKl Lxplo 
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Figure 4 Wrong choice 

b) LEA Puzzle: This game is designed to reveal whether the forms of the puzzle are 

placed correctly based on matching colours and shapes. In each game, the task is 

to select the form that is the same as the form that appears on the left-hand sidc of 

the puzzle board when you click on one of the forms at the bottom edge of the 

screen, The child activates one of the four cut-outs on the puzzle board that he 

thinks is the same shape as the one on the left. There are 5 different games: 

o Game 1. In this game, the four puzzle cut-outs are the same as in the real 

LEA Puzzle. Thus the correct form can be found by matching colours. If the 

child chooses a wrong cut-out, it becomes darker. If the choice is correct, the 

puzzle piece jumps into the correct place. 
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Figure 5 Game 1: Starting point in the game 

Figure 6 Game 1: Figure selection 
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O*'*-© ^ao^j&'**-í?'"*"»»*-*«•'^-ífea- ,•* 

Figure 7 Game l:Correct choice 

o Game 2. In this game, all cut-outs are the same colour. The child needs to 

see and recognise the object's form. 

BSSRO wgswEsssmBsm 

' •> 

Figure 8 Game 2: Starting point in the game 
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' £ VIIM/"'Hlat'rm.PiraHrrpKj([4(f^1_l? rcnvJiq] 

J ^ 

Figure 9 Game 2: Figure selection 

Figure 10 Game 2: Correct choice 

o Game 3. In this game, the locations and colours of the four cut-outs have 

been changed. The child should click on the cut-out that is the same shape as 

the puzzle piece on the left but is a different colour. Again, if the choice is 

incorrect the colour becomes darker. If it is correct, the puzzle piece jumps 

into its place. 
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Figure 11 Ganie 3: Figure selection 

o Game 4. It is the same as Game 3 but the locations and the colours have 

been changed. 

Figure 12 Game 4: Starting point in the game 

o Game 5. This is the black-and-white side of the puzzle. The puzzle piece 

jumps to the left side of the screen when its picture is activated at the bottom 

edge of the screen. The task is again to choose the form that is the same 

shape as the form on the left. If the cholee is wrong the white surface of the 

cut-out becomes grey. If the cholee is correct, a smiling face appears. 
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Figure 13 Game 5: Starting point in the game 

»«,««. e w- i a • 1... -a 
*Di ' 

S3 

Figure 14 Game 5: Figure selection 
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i,tmmmmmt'jBmxmmt»m.»immnm^. 

Figure 15 Game 5: Correct choice 

c) PEPI, The Dalmatian in Motion: The picture of PEPI is hidden m the background 

except when ít moves. Therefore, response to the picture means that the 

infant/child can perceive an image in motion. The test shows how the user can fix 

on the central target, responds to the short flickering image when the dog swiftly 

appears in one of the comers, and follows the moving image across the screen 

using smooth pursuit movement (Figures 16, 17 and 18). 
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After the children have taken the LEA paediatric visión test and tliey have been able to 

do it without significant problems, we can determine that Ihey are ready for testing 

using the random E's paediatric visual acuity test. 

2. THE RANDOM E'S PAEDIATRIC VISUAL ACUITY TEST 

This test contains optotypes that have been designed to measure the visual acuity (VA) 

of pre-school children. To carry out this test, it is necessary to follow the sequence of 

steps below: 

1- Check each eye's VA separately by covering the other eye. 

2- Check VA with and without glasses on (if any). 

3- Increase the browser window to máximum 

4- Place the children at a distance of about 3 to 4 metres. The exact distance, in 

metres, has to be calculated by measuring the figure on the monitor in 

millimetres. For example, if the measurement is 57 mm on a monitor, 57 x 0.069 

= 3.93m would be the ideal distance at which to conduct this test. If the distance 

from the screen is too large, then decrease the dimensions of the browser 

window and redo the calculation. 

5- Read the eye chart line of letters from large to small. 

The approximate VA, expressed in tenths, that would be necessary to read the 

perspective line, appears at the top left-hand side of each line. 

. Ejk t j * Bsf üc £[»TiaK i&f t -ífftM at*f 

.^^,W*-"^Ukh |^v»«J.|Hiti4.lilr<k D S ^ "^o © 

t / i e ' 0.1 - 20>'2oe 

I S i ^ > ^ p í 'OM-ffaCwájp^Ti.:^ ' -^ rfl. 

Figure 19 The Random E's Paediatric Visual Acuity Chart Test 
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Figure 20 The Random E's Paediatric Visual Acuity Charí Test 
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Figure 21 Tlie Random E's Paediatric Visual Acuity Chart Test 
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Figure 22 The Random E's Paediatric Visual Aeuity Chart Test 
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Figure 23 The Random E's Paediatric Visual Aeuity Chart Test 
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Figure 24 The Random E's Paediatric Visual Acuity Chart Test 

3. THE VISUAL ACUITY TEST 

This is a "self-test" eye chart that ailows you to check your visión. It is important lo bear 

in mind a set of instructions before using the chart: 

a) It is necessary to check each eye's VA separately by covering the other eye. 

b) It is necessary to check VA with and without glasses on (if any). 

c) The window's size must be increased to máximum. 

d) The user must be placed at a minimum distance of 3 metres and at a máximum 

of 4 metres (The exact distance, in metres, has to be calculated as explained in 

the previous section) 

e) The user must be read the eye chart hne of letters from large to small. 

The approximate VA, expressed in tenths, that would be necessary to read the 

perspective hne, appears at the top left of each hne. 
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Figure 26 Visual Acuity Chart Test 
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Figure 27 Visual Acuity Chart Test 
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V/5UAL TESTS 

A further two tests can be run to more accurately detemiine what type of refractive error 

the user might have. Perform these tests at the distance calculated for checking the 

user's visual acuity and do the test for ene eye at a time, witli the other eye closed. 

o Test 1: In this case we are testing whether the user can see the letters darker 

and sharper on the red or green side. It is very important to use a colour 

monitor with a video card with a resolution of at least 256 colours and pre-

set luminance, contrast and colours before beginning the test. If the letters on 

the red side are sharper, the user who is doing the test may be myopic. If the 

letters on the green side are sharper, the user who is doing the test is 

probably hyperopic. If the letters appear to be equally clear on both the red 

and green side, then this user probably has no significant refractive error or 

may be astigmatic. 
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Figure 31 Darker and Sharper Test 
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V/5UAL TESTS 

o Test 2: In this case, we are testing whether the Unes appear to be equally 

sharp and dark or there are one or two Unes that seem clearer than the others. 

The resuits of the these two tests greatly depend upon the type of room 

illumination, monitor quality, computer, etc. For this reason it is very 

important not to modify these parameters throughout the test. If the user sees 

one set of Unes clearer than the others, then his eye is astigmatic. If aU the 

Unes appear to be equaUy clear, then probably no astigmatism is present. A 

small difference between the clarity of the Unes usuaUy has no cUnical 

si gnifi canee. 
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INTRODUCCIÓN 

Los entornos virtuales interactivos proporcionan un poderoso medio para desarrollar 

tanto operaciones de aprendizaje como de entretenimiento basadas en las experiencias 

que vive el propio usuario. A menudo, los entornos virtuales incorporan agentes 

virtuales "humanos", además de los avatares usados para representar a sus usuarios 

dentro del entorno. Dichos agentes pueden tener varios grados de inteligencia, 

obteniendo lo que hoy en día se conoce como Agentes Virtuales Inteligentes (AVis). 

Para que el AVI pueda actuar inteligentemente será muy importante que alcance un 

conocimiento de lo que está rodeándole en cada momento. Este trabajo de investigación 

trata de encontrar un medio que permita dotar a los AVIs con un modelo de percepción 

con características humanas basado en la reinterpretación de uno de los modelos de 

percepción o consciencia desarrollados para trabajo colaborativo. 

PALABRAS CLAVE 

Entornos Virtuales, Agentes Virtuales Inteligentes, Percepción, consciencia, Focus*'̂ \ 

Nimbus^'\ 
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1. INTRODUCCIÓN Y MOTIVACIONES 

Los entornos o mundos virtuales interactivos proporcionan un poderoso medio para el 

aprendizaje y el entrenamiento experimental, siendo casi ilimitado el conjunto de 

mundos que la gente puede explorar, periodos de tiempo que el usuario puede atravesar, 

situaciones que el usuario puede vivir, así como grados de interactividad que el usuario 

puede experimentar. 

De hecho, lo que en realidad hace un entorno virtual (EV) distinto de todas las 

interfaces hombre-máquina convencionales es que el usuario siente la ilusión de estar 

totalmente rodeado de información, adquiriendo consciencia de otros usuarios que 

podrían estar conectados y teniendo un sentimiento de inmersión, presencia y un grado 

de interactividad (con otros participantes) muy elevado. 

Como una consecuencia de este elevado sentimiento de inmersión cuando un usuario 

está navegando a través de un entorno virtual, consciente o inconscientemente, está 

esperando tener la posibilidad de vivir allí cualquier tipo de situaciones. Es más, el 

usuario no está preparado para distinguir qué clase de situaciones pueden ser vividas en 

un entorno virtual de aquellas que sólo podría vivir en la vida real. 

En este intento de simular las apariencias y la funcionalidad de la vida real, es inevitable 

llegar al punto de simular al propio ser humano. A menudo, los entornos virtuales 

incorporan agentes inteligentes con forma humana y varios grados de inteligencia, 

obteniendo lo que se llama Agentes Virtuales Inteligentes (AVI). 

El campo de los entornos virtuales inteligentes es relativamente nuevo, aunque crece 

rápidamente, y se caracteriza por su variedad. Es precisamente esta caracteristica la que 

consigue que muchas otras áreas de investigación, como por ejemplo sicología o 

medicina, se sientan especialmente atraídas por este tipo de entornos, queriendo 

contribuir a su desarrollo. 

Otro tipo de sistemas, denominados sistemas Multi-Agente (SMA), contienen múltiples 

agentes que pueden actuar cooperativamente dependiendo de sus propios intereses. 

II 
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El alcance de nuestra investigación abarca lo que nosotros denominamos sistemas 

mAVI-EV (EV habitados por múltiples-A Vis). Un mAVI-EV es un tipo particular de 

SMA en el cual tanto usuarios como agentes están representados físicamente dentro del 

entorno, pudiendo interactuar los unos con los otros. 

Los sistemas mAVI-EV pueden ser utilizados para simular situaciones propias de la 

vida real desde cualquier punto de vista. Uno de los ejemplos más representativos son 

las simulaciones de guerra, donde situaciones de riesgo y entrenamientos peligrosos 

pueden ser simulados con este tipo de aplicaciones sin necesidad de tener que exponer a 

ningún ser humano a ninguna situación peligrosa. En este tipo de entrenamientos el 

realismo es muy importante, ya que cuanto más realistas sean las situaciones que se le 

plantean a los soldados, mejor preparados estarán para superarlas en la vida real. 

Muchos trabajos en sistemas mAVI-EVs tienen como objetivo proveer a los agentes con 

un alto grado de realismo en cuanto a su representación física o incluso su 

comportamiento. Pero, sin embargo, muy pocos estudios se han realizado centrándose 

en la percepción. 

El resultado de un AVI percibiendo un objeto/agente es llegar a tener consciencia de 

dicho objeto/agente. Esta tesis pretende dotar a los AVIs con mecanismos de percepción 

que les permitan tener un conocimiento "realista" de su entorno. Para ello 

propondremos un modelo de percepción para AVIs que introduzca una mayor 

coherencia con el sistema de percepción humano, incrementando de forma indirecta la 

coherencia sicológica del EV con la vida real. 

Esta coherencia es especialmente importante si se quieren simular situaciones reales 

como, por ejemplo, programas de entrenamiento militar, donde los soldados deben ser 

entrenados para vivir y sobrevivir a todo tipo de experiencias, incluyendo situaciones de 

alto riesgo. Así pues, para obtener un entrenamiento útil con agentes, cada uno de éstos 

deberí'a poseer un modelo de percepción similar al que tendría uno de estos militares en 

in 
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la vida real para que pudieran reaccionar a los mismos estímulos como si fueran 

soldados humanos . De lo contrario podrían ocurrir situaciones surrealistas, como por 

ejemplo que escucharan o vieran cosas que están demasiado lejos para ser percibidas o 

que se encuentran ocultan detrás de un obstáculo u otro objeto. El modelo de percepción 

que propone esta Tesis Doctoral introduce estas limitaciones dentro del modelo de 

percepción del agente con el propósito de modelo un sistema perceptivo para el agente 

que sea similar al que poseen los seres humanos en la vida real. 

Después de haber indagado sobre cómo podríamos llevar a cabo esta idea para que un 

AVI tuviera "consciencia" de su entorno, encontramos que el concepto de "consciencia" 

es muy familiar dentro del campo del Trabajo Colaborativo (Computer Supported Co-

operative Work, también conocido por las siglas CSCW). 

Probablemente la mejor definición de "consciencia" en CSCW fue proporcionada por 

Dourish y Bellotti [7] en su seminario de coordinación en espacios de trabajo 

compartidos. Ellos definieron el concepto de "consciencia" como "una comprensión de 

las actividades de los demás, las cuales proporcionan un contexto para tu propia 

actividad". 

Diferentes entornos físicos han sido desarrollados para soportar la naturaleza pública del 

trabajo y promover su coordinación. Así pues, cuando el entorno es un entorno virtual 

en tres dimensiones de carácter semi-distribuido, dentro del cual el usuario siente un 

alto grado de inmersión, éste se conoce normalmente como Entorno Virtual 

Colaborativo (EVC). Una buena definición para EVC es la dada por Greenhalgh como 

"entorno virtual multi-usuario distribuido que permite trabajar y jugar de forma 

cooperativa". 

De hecho, en este tipo de entornos existen, desde hace tiempo, modelos de consciencia 

que han sido testados con resultados bastante satisfactorios/Quizás el más conocido de 

todos ellos es el "Modelo Espacial de Interacción" (MSI) [1], desarrollado para 

sistemas multi-usuario de CSCW, y éste es el que hemos decidido tomar como fuente de 

inspiración. 
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El Modelo Espacial de Interacción fue el primer modelo de '''^consciencia" propuesto, en 

1993, como resultado de las investigaciones dirigidas por el profesor S. Benford en la 

Universidad de Nottingham, y de las investigaciones dirigidas por L. Fahlén en el 

Swedish Institute of Computer Science. El modelo espacial se propuso como una 

manera de conseguir tener conocimiento de nuestro entorno en entornos colaborativos, a 

través de una serie de mecanismos como son el focus, nimbus o la consciencia, que 

fueron definidos para ese modelo y que permiten gobernar la interacción en un entorno 

virtual. 

La "consciencia" cuantifica el grado, la naturaleza o la calidad de la interacción entre 

dos objetos. Esta relación de consciencia entre cada par de objetos es unidireccional 

Existen diferentes tipos de consciencia: Consciencia Total, Consciencia Parcial y Sin 

Consciencia. El "Focus" determina la zona del espacio desde la cual un objeto recibe 

información, y el "Nimbus" determina la zona del espacio en la cual un objeto proyecta 

su información. Tanto el focus como el nimbus como el consciencia son específicos 

para cada medio de transmisión de información. 

Aunque las primeras implementaciones experimentales del modelo se realizaron en 

1994, se podría decir que el primer prototipo experimental que realmente incluye, casi 

en su totalidad, el modelo espacial de interacción es MASSIVE. Este modelo fue 

inicialmente demostrado en el sistema DIVE y posteriormente implementado en su 

totalidad en el sistema MASSIVE. MASSIVE ha sido desde entonces utilizado para 

llevar a cabo numerosos encuentros virtuales, y de su estudio y desarrollo han surgido 

una gran cantidad de publicaciones. 

El Modelo Espacial de Interacción ha sufrido varias extensiones desde sus orígenes. Un 

ejemplo son las propuestas por T. Rodden [24]. Pero quizá la más conocida de todas 

ellas es la propuesta por Greenhalgh en 1997 y conocida como "Third Party Objects" 

[10]. 

Sin embargo nosotros vamos a partir del Modelo Espacial de Interacción en su forma 

básica original, ya que es el modelo más abstracto, abierto y sencillo de remodelar para 
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nuestros propósitos. Partiendo de los conceptos básicos definidos en este modelo vamos 

a diseñar un modelo de percepción para IVAs que permita dotarles con una claridad de 

percepción similar a la que tenemos los seres vivos en la vida real. 

Así pues, el primer objetivo de nuestra investigación será realizar una reinterpretación 

de este modelo (desarrollado para CSCW) que permita aplicarlo a AVIs, que sirva como 

modelo de percepción para AVIs, y que introduzca una serie de factores propios de la 

percepción humana en la vida real. 

2. PERCEPCIÓN EN AGENTES INTELIGENTES 

La combinación de mundos virtuales interactivos y agentes inteligentes ha 

experimentado un excitante progreso, permitiendo generar nuevas herramientas con 

diferentes fines y aplicaciones. 

Hoy en día, el usuario puede participar incluso interactivamente en una escena virtual, 

teniendo la posibilidad de experimentar con criaturas autónomas en entornos virtuales 

simulados sobre potentes máquinas. 

Los AVIs reciben información del entorno que les rodea por medio de sensores virtuales 

que pueden ser visuales, táctiles o auditivos [22], [29]. Un AVI puede simplemente 

evolucionar dentro del entorno, puede interactuar con el propio entorno o incluso puedo 

comunicarse con otros AVIs que se encuentren dentro del mismo entorno. Así pues en 

este tipo de entornos la percepción del entorno que rodea a los agentes juega un papel 

muy importante. 

La idea de percepción sensorial en agentes entendida como un proceso de búsqueda de 

información dentro del entorno tiene sus orígenes en la psicología humana. En 1994 Tu 

y Terzopoulos [31] introdujeron un innovador sistema de percepción artificial para 

peces, sistema que posteriormente fue perfeccionado por el propio Terzopoulos junto 

con Rabie [25], [26], [27] hasta proponer un novedoso paradigma de percepción visual 

activa para animales, donde éstos, autónomamente, controlaban sus ojos y sus 
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músculos, y mediante algoritmos de visión computacional analizaban continuamente las 

imágenes que llegan a la retina. 

Posteriormente, Blumberg [3], introdujo sensores sintéticos dentro de un perro animado 

y autónomo, generando un sistema de percepción artificial llamado ALIVE, que podía 

interactuar con su propio entorno. 

Aunque hace unos años el propósito de los sistemas de percepción diseñados para 

agentes era básicamente recopilar información básica sobre el entorno que rodeaba al 

propio agente, actualmente estos requisitos han cambiado, orientándose hacia otro tipo 

de aplicaciones más realistas que requieren información fiable y detallada del entorno 

que rodea al agente. 

Este tipo de aplicaciones tienen como finalidad la simulación y el entrenamiento de 

agentes especializados para vivir situaciones reales que pueden ser arriesgadas para el 

usuario. 

El desarrollo de estos modelos realistas ha sido calificado de "importante" por CGFs 

(Computer Generated Forces), haciendo un gran énfasis en el desarrollo de modelos de 

percepción y comportamiento "humanos" [17]. Se han desarrollado varios modelos de 

percepción y acción "humanos", como por ejemplo "The Model Human Processor" 

(MHP) [4], que probablemente es el modelo humano de procesamiento de la 

información más referenciado a nivel mundial, o "The Executive Process-Interactive 

Control" (EPIC), que ha sido utilizado para trabajar con información humana sensorial 

de bajo nivel. 

Además, los AVIs deben estar programados con un conjunto de reglas de 

comportamiento que les permita reaccionar a su entorno, tomando decisiones basadas 

no sólo en la información que reciben del entorno, sino también en su propia memoria y 

razonamiento. 
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Lx)s AVIs han sido desarrollados con varios propósitos y características y por este 

motivo la percepción en estos agentes ha sido modelada de varias formas. Dependiendo 

de la finalidad para la cual éstos agentes hayan sido diseñados su modelo de percepción 

puede centrarse más en el procesamiento de las entradas sensoriales o en el proceso 

cognitivo de percepción. 

El procesamiento de las entradas sensoriales del agente puede llevarse a cabo de varias 

formas. Algunos prefieren utilizar sensores virtuales, que pueden ser visuales, táctiles o 

auditivos [29], [30]. Un ejemplo de este tipo de percepción sensorial en agentes son los 

"pilotos virtuales" descritos en 1999 por Hill [16], [17], donde la apariencia física del 

agente o el control de su cuerpo no juegan un papel tan importante como su sistema de 

percepción. 

Los pilotos virtuales desarrollan tareas tales como volar siguiendo una ruta y buscando 

vehículos enemigos. Estas tareas requieren comportamientos tales como búsqueda, 

fijación o seguimiento que requieren la coordinación de la parte perceptiva y cognitiva 

del piloto así como del motor del sistema. El funcionamiento de estos pilotos requiere 

una componente de "atención" propia de los seres humanos. 

En cuanto a la implementación del proceso cognitivo de percepción, éste puede 

centrarse sólo en la implementación de un factor (p.e. atención),en la implementación 

de una parte del proceso cognitivo (p.e. reconocimiento o aprendizaje), o incluso en el 

modelado de la arquitectura cognitiva [6]. Algunos de los métodos empleados para la 

implementación del proceso cognitivo de percepción son: 

• Técnicas de "representación" cognitiva, como, por ejemplo, las empleadas por 

Hill et al. [18] [20]. Esta implementación está basada en el "marco" propuesto 

por Yeap y Jefferies [32] y que representa un entorno local como una estructura 

llamada "Representación Espacial Absoluta". 

• Redes neuronales para reconocer y predecir patrones de comportamiento. Este 

método ha sido utilizado por Hill [19] para poder llevar a cabo alguna tarea 

específica en alguna de sus aplicaciones. Hill combina redes de neuronas con el 

modelo perceptual diseñado para los "pilotos virtuales" [33], [17], creando un 
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sistema híbrido que además está dotado con la capacidad de razonamiento 

propia de un agente "Soar" [16]. 

• Modelos de "atención" visual para "humanos virtuales" [5], [17]. Chopra se basa 

en investigaciones sobre la sicología humana, especificando el tipo de atención 

requerida para una gran variedad de tareas básicas, como puede ser la 

manipulación de un objeto, así como mecanismos para "dividir" la atención 

entre varios objetos que se perciben en el entorno. En el piloto virtual, Hill se 

centra en proporcionar un modelo perceptual de atención para "humanos 

virtuales" en campos de batalla simulados [17], desarrollando una simulación 

distribuida e interactiva de combates, llamada ModSAF. 

• Otra forma distinta de implementar la percepción es utilizada por Rickel et al. en 

Steve. Steve es un agente pedagógico (Soar Training Expert for Virtual 

Environments) que facilita el proceso de aprendizaje en procesos educativos y 

formativos [23]. Steve contiene tres módulos que se comunican entre sí por paso 

de mensajes: percepción, cognición y motor de control. El módulo de percepción 

visualiza los mensajes e identifica los eventos que son importantes para Steve. 

El módulo cognitivo interpreta la entrada que recibe del módulo de percepción 

(anteriormente descrito), enviando mensajes al módulo de percepción cuando 

este lista para actualizar el estado del entorno virtual. El módulo cognitivo 

además le envía al motor de control mensajes con comandos que deben 

realizarse y que el propio motor de control debe descomponer en comandos de 

bajo nivel para poder procesarlos correctamente. 

Como hemos podido ver por medio de este breve resumen, los modelos de percepción 

que se han desarrollado hasta el momento para agentes virtuales inteligentes utilizan 

diferentes métodos y técnicas. Sin embargo, ninguno de ellos se ha concentrado en 

determinar con qué claridad un agente puede determinar un objeto ni como determinar 

si esta claridad de percepción sería la misma que la que tendría un humano situado en la 

misma posición e intentando percibir el mismo objeto. 

3. DISEÑO DE LA ARQUITECTURA DEL AGENTE 

Para poder llevar a cabo nuestro objetivo, y así poder dotar a mAVI-EVs con un sistema 

de percepción similar al que poseemos los seres humanos, necesitamos primeramente 

partir de una arquitectura de agentes sobre la cual introducir ese sistema de percepción. 
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Así pues, nuestro punto de partida será una arquitectura vertical de capas como la triple 

torre de Nilsson [21]. Esta arquitectura posee tres bloques (figura 1) que representan la 

percepción del agente, el procesamiento central del agente y el conjunto de acciones que 

realiza el agente, pero nosotros vamos a centrar nuestra atención en el bloque de 

percepción, que se encarga del modelado del sistema de percepción del agente. Todos 

nuestros estudios se realizarán para la percepción visual [14] y auditiva [15], dejando el 

resto de los sentidos para posibles líneas de investigación futuras. 

Entorno 
Virtual 

eaccion 
al 

Entorno 
Virtual 

Figura 1 Arquitectura del agente 

El bloque de percepción estará compuesto de tres módulos: Percepción Sensitiva, 

Atenuación y Filtrado Interno. El módulo de percepción sensitiva se encargará de 

percibir el entorno haciendo uso de un motor de percepción extemo. Las sensaciones 

perceptivas que resultan de este módulo podrán verse atenuadas por una serie de 

factores. Un ejemplo de estos factores son el tiempo de exposición o el cansancio físico. 

El módulo de filtrado se encargará de seleccionar de entre todos los objetos presentes en 

nuestro foco de percepción aquellos en los cuales nosotros estamos interesados. 

4. FACTORES HUMANOS INTRODUCIDOS EN EL MODELO 

Para poder hacer que este sistema de percepción sea más realista introduciremos 

algunos conceptos típicos del sistema de percepción humana, como por ejemplo [12], 

[13], [14], [15]: 

• Agudeza Sensorial'. Medida de las habilidades de cada uno de los sentidos para 

resolver detalles finos. Este factor depende de la propia persona, del sistema de 
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acomodación del propio sentido y del entorno que rodea a la persona mientras ésta 

percibe. 

• Zona de Transición Sensorial: Aquella región del espacio dentro de la cual es 

posible percibir a alto nivel formas, sombras o sonidos, aunque no se pueda llegar a 

percibir detalles de dichos objetos/sonidos. La existencia de esta zona está basada en 

la gradualidad del sistema de percepción humana, existiendo siempre una zona de 

"transición gradual" entre la percepción total o máxima y la percepción nula. 

Estos conceptos se introducirán de una manera "coherente" tomando como base el 

modelo de consciencia seleccionado y redefinido para AVIs con una única finalidad: 

modelar un sistema de percepción similar al que poseen los seres humanos para mAVI-

EVs. 

5. FACTORES FÍSICOS INTRODUCIDOS EN EL MODELO 

Además de los factores propios del sistema de percepción humano que han sido 

mencionados en el apartado anterior, en este modelo se han tenido en cuenta, de forma 

directa o indirecta, algunos factores físicos propios de la proyección de la imagen de un 

objeto o de la propagación de un sonido. Estos factores han sido: el flujo de proyección 

de energía irradiado por un objeto; la teoría del color; la directividad del sonido; el cono 

de confusión auditivo y las diferencias interaurales (en tiempo y en frecuencia) en la 

propagación del sonido. 

6. REINTERPRETACIÓN DEL MSI 

Cuando el "Modelo Espacial de Interacción" MSI fue diseñado, éste no contemplo 

ninguno de los factores físicos y humanos que hemos introducido en esta memoria. Así 

pues, después de haber seleccionado los factores físicos y humanos a tener en cuenta en 

el modelo, hemos hecho una reinterpretación de los conceptos principales de este 

modelo para que pueda incluir estos nuevos factores [14], [15]. 

6.1 PERCEPCIÓN VISUAL 

Hemos definido una nueva función matemática que representa el "focus" de percepción 

del agente para que éste sea similar al focus de percepción del ser humano (ecuación 1, 

figura 2) [14]. 
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Donde: 
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(Ecuación 1) 

O (|Lix, |iy, piz) -» Representa la posición del ojo del agente en un sistema de referencia en 

3D. 

o Dm —> Representa la distancia a la cual el agente es capaz de resolver el objeto 

que está percibiendo. 

o (x, y, z) —> Representa cualquier punto dentro del foco, 

o Ángulos: 

0 0'-» Representa el ángulo que delimita la región central de percepción. 

o 0—> Representa el ángulo que delimita la región lateral de percepción. 

Zona de Transición: 
Región Lateral 

Dirección de 
Percepción 

Región Central 

Figure 2 Focus físico con visión lateral (componente angular) 
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En la implementación del modelo hemos distinguido entre el focus general, que 

tiene una longitud infinita, y el focus asociado al agente, que tiene una longitud 

finita que depende las características del propio agente. 

orientación 

Figura 3 Orientación del ojo del Agente y posición del objeto a percibir. 

AP 

Región 
Central 

Región 
Lateral 

Fondo 

ro n r 
Figura 4 Focus físico con visión lateral (componente espacial) 

Cuando un agente percibe un objeto en el entorno, la percepción es diferente 

dependiendo del área donde este objeto esté situado. Tanto la posición del objeto como 

la orientación del ojo del agente (figura 3) y la región donde está situado (figura 4) 

juegan un papel muy importante a la hora de determinar la claridad de percepción del 

objeto en el entorno. En la figura 4 el área de percepción (AP) indica si un objeto se 

encuentra dentro del focus y, si esto ocurre, dentro de que área se encuentra situado. 

En la figura 2 se puede apreciar cómo se pueden distinguir dos conos de percepción: el 

cono interno de percepción (con ángulo 0') y el cono externo de percepción (con 

ángulo 9). El cono interno de percepción representa el campo de visión central del 
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agente sin tener en cuenta su visión lateral, mientras que el cono extemo de percepción 

sí tiene en cuenta la visión lateral del agente. 

Por otro lado, partiendo tanto de la definición original del nimbus de un objeto como de 

las implementaciones que Greenhalgh [10] ha realizado de este concepto en diferentes 

sistemas y aplicaciones, nosotros hemos representado el nimbus de un objeto por un 

elipsoide (figura 5, ecuación 2) o una esfera (ecuación 3), dependiendo de la cónica que 

circunscriba el objeto. 

Figura 5 Representación física del Nimbus. 

(x-//J+(j;-//J+(z-//J<i?^ 

(Ecuación 3) 
(Ecuación 4) 

Donde: 

• (Hx, |Xy, )Xz) —> Representa el centro geométrico del objeto. 

• (a, b, c) -> Representa los parámetros del elipsoide. 

• R -> Representa el radio de la esfera (cuando a = b = c = R) 

6.2 PERCEPCIÓN AUDITIVA 

Cuando el ser humano recibe un sonido, éste puede ser llegar de dos formas distintas: 

combinando la información que le llega de los dos oídos ^''binauraF'' o tomando la 

información que le llega a cada uno de los oídos de forma independiente "monaural". 

En esta tesis nosotros hemos centrado nuestra atención en la percepción auditiva 

binaural. 
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La posición de una fuente de sonido relativa al centro de la cabeza del oyente se suele 

expresar en términos de dos ángulos: ángulo azimutal (6), que se mueve en el rango [0°, 

360°], y ángulo de elevación ((p), que se mueve en el rango [-90°, 90°] (figura 6). 

Souiiii 

SlfUKl 

ele\aíiün_ 

/ 
/ 

listcncí / 

/ 

azimuth 

Figura 6 P i i r a i a a 

.1 

u a u 

Los ángulos azimutal y de elevación varían independientemente, razón por la cual 

nosotros hemos preferido representar el focus auditivo de nuestro modelo de percepción 

por un doble cono elíptico (ecuación 5, figura 7) [15]. 

f X y - ( Í < > ' < | X y + d 

h^ a-
a = d * tang (p 

¿> = d*tang^ 

(Ecuación 5) 

Donde: 

o (|a,x, i^y, |J,z) 

o d-> 

o (x, y, z) -> 

o Ángulos: 

o e-> 

Representa la posición del agente en un sistema de referencia en 3D. 

Representa a la cual el agente puede percibir ese sonido. Esta 

distancia está asocida a los ángulos 6 y (p. 

Representa cualquier punto dentro del foco. 

Representa el ángulo azimutal. 

Representa el ángulo de elevación. 
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Figure 7 Focus auditivo (el agente se encuentra mirando hacia la derecha) 

En cuanto al nimbus auditivo, de entre todos los factores que podrían afectar a la 

proyección del sonido en un medio, nosotros solamente hemos tenido en cuenta la 

directividad del sonido, dejando factores tales como la presencia de factores no-lineales 

o la homogeneidad del medio para futuras extensiones de este modelo. 

Además nosotros hemos centrado nuestro modelo en la proyección de la voz humana, 

para la cual existe una serie de patrones de directividad establecidos a diferentes 

frecuencias (figura 8). 

e=90" 

9=180» 
e=o 

e=90 

Figure 8 Nimbus asociado a la voz humana 
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La figura 8 representa el área dentro del cual la voz humana se proyecta. Esta figura se 

corresponde con un cardioide cuya ecuación en coordenadas polares es: 

I r = a(\+cos6)l (Ecuación 6) 

Siendo la representación en coordenadas cartesianas de esta ecuación: 

(Ecuación 7) 

7. CLARIDAD DE PERCEPCIÓN 

El objetivo final de este modelo de percepción es poder determinar si un agente puede 

percibir un objeto que se encuentra en el entorno que le rodea. Para ello nos hemos 

concentrado en el bloque de percepción sensitiva introducido en el apartado 3 de esta 

memoria. Este bloque simula el proceso típico de percepción humana por el cual los 

receptores sensoriales (ojos y oídos en este caso) reciben sensaciones del entorno. La 

percepción sensitiva dependerá de algunos factores sensoriales relevantes. Estos 

factores pueden clasificarse en cuatro grupos: 

o Factores Humanos: Dependen de la naturaleza del propio individuo. Entre este 

tipo de factores se encuentran la agudeza sensorial, la zona de transición 

sensorial y los filtros internos. 

o Factores Físicos: Dependen de la disposición física del entorno. Entre estos de 

factores se encuentra la distancia entre el objeto, o la fuente de sonido, y la 

posición del agente. 

O Factores propios del objeto o de la uente de sonido Dependen de la forma 

física del objeto y de sus propiedades. Entre estos de factores se encuentran el 

tamaño del objeto o la intensidad de la fuente de sonido, 

o Adaptadores Modifican la percepción que el agente puede tener del entorno. 
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La distancia entre el objeto, o la fuente de sonido, y la posición del agente, y la claridad 

de percepción, en general, son "conceptos clave" en el modelo de percepción, porque 

introducen más realismo, credibilidad y eficiencia. Así, sólo sería necesario conocer su 

valor para saber si un agente, a una determinada distancia, puede leer un cartel o 

escuchar un sonido. 

La claridad de percepción es una medida de la habilidad que un agente posee para 

percibir un objeto/sonido que se encuentra presente en su ocus áe percepción. Para ello 

hemos utilizado el concepto de consciencia tai y como fue introducido en sus ongenes 

por el Modelo Espacial de Interacción. Así pues si la percepción que se realiza es visual, 

una vez que el nimbus del objeto que se desea percibir intersecciona con el ocus del 

agente que percibe el entorno, la percepción sensitiva del agente entra en juego y 

calcula la claridad de percepción que el agente tiene de ese objeto/sonido. Pero si la 

percepción es auditiva el sonido debe propagarse, por medio de su nimbus, hasta 

alcanzar el focus del agente y además este sonido debe llegarle al propio agente con una 

intensidad que pueda ser percibida por el agente, es decir, la intensidad con la cual el 

agente recibe el sonido debe estar en el rango audible del agente. 

Matemáticamente la claridad de percepción vendrí̂ a dada por las funciones matemáticas: 

o Medio visual (región central): 

0.0<d<d, CP{d) = Ád 

d,<d<d, CP{d) = CP^^ 

d>d^ CP{d)= ] '̂ exp] 
¿r*V2*;r [ 

(d-d,)^] 
2*<T^ J 

(Ecuación 8) 

siendo 

o di: La distancia mínima entre el objeto y el ojo para que dicho objeto 

pueda ser percibido. 

o d2: La distancia máxima entre el objeto y el ojo para que dicho objeto 

pueda ser percibido con un elevado nivel de detalles. 
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o Medio visual (región lateral): 

0.0<d< d\ CP{d) = Ád 

d\<d<d\ CP{d) = CP^ 

d>d\ CP(d) •• 
1 

fT*V2*^ 
= exp-^-

(Ecuación 9) 

siendo: 

d'i > di d'2 < ¿i?2 

o Medio auditivo (percepción monaural): 

CP^(d) = CP,(6)-20*log(d) 

CP,{d) = -

10 ^ = 0° 

20 ^ = 30° 

30 ^ = 60° 

40 ^ = 90° 

(Ecuación 10) 

(Ecuación 11) 

siendo: 

o 6: El ángulo azimutal (introducido en la sección 6.2 de este resumen) 

o d: La distancia entre la fuente de sonido y el oído del agente 

o Medio auditivo (percepción binaural): 

CP,{d) = 
CP^id)^ ^ e [0.15,1] 

d 
-20*log(c/) d^[í,d^] 

(Ecuación 12) 

siendo: 

o 0: El ángulo azimutal (introducido en la sección 6,2 de este resumen) 

o d: La distancia entre la fuente de sonido y el oído del agente 

o r: El radio de la cabeza del agente que percibe dicho sonido 
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8. IMPLEMENTACIÓN DEL MODELO 

El lenguaje de programación elegido para llevar a cabo la implementación del modelo 

ha sido C++ y dicha implementación se ha centrado en la construcción de una librería 

independiente de cualquier sistema. 

La validación de este modelo se ha desarrollado sobre una plataforma, la cual hemos 

llamado MASSIM_AGENT (figura 9). Esta plataforma ha sido el resultado de la 

integración de la plataforma MASSIVE, desarrollada por la Universidad de 

Nottingham, y la herramienta para el desarrollo de agentes SIM_AGENT, desarrollada 

por la Universidad de Birmingham. 

Aunque hemos realizado la validación de nuestro modelo sobre este sistema, nuestro 

objetivo más inmediato es integrar este modelo junto con el sistema resultante de un 

proyecto llamado MAEVIF (Modelo para la Aplicación de Entornos Virtuales 

Inteligentes a la Educación y el Entrenamiento). Este proyecto está siendo financiado 

actualmente por el Ministerio de Ciencia y Tecnología (TICOO-1346). 

SIM AGENT 

información del 
Entorno 

(Actualización) Petición: 
Acción que se 

desea l levara cal» 

Figura 9 MASSIM_AGENT: Comunicación 
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SIM AGENT 
3* 

|^2I3S3 

\má Percepción 
(Claridad de 
Peix;epCiÓii); 

A 

Lista de 
objetos 

s :m: 
1 

a £s»^ i s : ^ K3£^ tss^ ts^snia ss^ra EEZ:^ e » ^ tsssr 

csjsa ts^sít SISS3 i s ^a 

Percepción 
(Claridad a e ; 
; Percepción) J 

/.y>£3S1rt' 

Agente 1 
^sssa us^ tssssa ^:ss ^ssa mm e ^ r^m ts^x 

Agente! 
t^s:a Bssst ts¡ss3 tsssa tsxst fisssa t£ss 

Detalles 
Personales 

t u 

íí MOTOR^DEs í 
í PEFÍCEPCIÓrf í 
¡(tbcus, ñimbüsi fliijo ele 
íproyéeción, awaréness) 

^r 

Acción 

Acción 

- > 

—^ 

Información 
Geométrica 

^tamaño, posiciones, obstáculos)! 

::MASSIM^.GENTí 
Sí̂ SaÑTERFACE::,:!- Información 

del entorno 

:MASSIVE-3; 

Figura 10 Arquitectura del agente en SIM_AGENT 
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La implementación del este modelo de percepción tiene otra importante característica 

que permite la optimización de los recursos del sistema. Aunque la mayoría de los 

sitemas mAVI tienen una implementación distribuida de su modelo perceptivo, en la 

cual cada agente es responsable de la percepción que tiene del entorno que le rodea, 

nuestro sistema introduce una aproximación semi-centralizada del modelo de perceptivo 

del agente. Esto significa que cada agente es responsable solamente de una parte de su 

percepción mientras que el sistema es responsable del resto. 

9. VALIDACIÓN 

Para poder validar el modelo de percepción que hemos diseñado e implementado, 

hemos introducido dicho modelo dentro de la arquitectura de agentes seleccionada en el 

apartado 3 de este resumen. 

Después de haber dotado al agente con nuestro modelo de percepción, hemos calibrado 

los parámetros preceptúales del agente para que éstos sean similares a los que poseería 

un humano. 

Posteriormente hemos planteado una serie de escenarios, en los cuales la percepción del 

agente debe ser lo más realista posible y hemos realizado una primera fase de 

evaluación basada en estos escenarios (figura 11). El propósito de esta validación era 

corroborar si los resultados obtenidos eran intuitivamente coherentes con aquellos que 

deberíamos obtener en la vida real. 
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Figura 11 Escenarios elegidos para validar el modelo 

A continuación hemos seleccionado un grupo de usuarios y les hemos sometido a una 

serie de experimentos con el fin de averiguar cuáles son sus preferencias y cuál es la 

credibilidad del modelo. 

La valoración del grado de "claridad de percepción" ha sido realmente difícil para 

nuestros participantes, ya que este concepto es muy subjetivo y por lo tanto es muy 

difícil establecer cuál es el límite entre, por ejemplo, una claridad de percepción baja y 

muy baja. 

Sin embargo, en conjunto, los resultados obtenidos han sido bastante satisfactorios, 

hemos obtenido unos resultados bastante coherentes en la validación basada en 

escenarios, la desviación típica obtenida en los experimentos ha sido bastante baja 

(hemos obtenido una desviación típica media cercana al 15%) y la reacción de los 

usuarios a nuestro modelo de percepción ha sido satisfactoria a pesar de haber 

introducido modelos de razonamiento muy simples en nuestros agentes. 
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