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Resumo 

No contexto de ensino e treino, a utilização de novas ferramentas tecnológicas para auxiliar a 

implementação das diversas estratégias de ensino/aprendizagem tem sido amplamente adotada. Os 

mundos virtuais têm sido vistos como um dos artefactos tecnológicos com maior potencial para uso nesta 

área, uma vez que proporcionam uma plataforma imersiva e colaborativa onde os seus utilizadores podem 

desenvolver as atividades educativas livremente ou seguindo coreografias com ações e regras bem 

definidas. Uma coreografia é a descrição de um conjunto de ações que podem ou devem ser executadas 

por um grupo de personagens, humanos ou virtuais, de acordo com regras específicas e objectivos a 

alcançar. 

Devido à elevada quantidade de mundos virtuais existentes, com diferentes características, 

funcionalidades, vocabulário e API disponíveis, a criação de uma coreografia é feita muito à medida dos 

mundos virtuais a que se destinam apresentando, assim, fortes dependências a essas plataformas, 

dificultando a sua aplicação a mundos virtuais distintos. 

Esta tese foca-se em fornecer um contributo no sentido de facilitar a criação, adaptação e encenação de 

uma coreografia em múltiplos mundos virtuais. 

A primeira contribuição desta tese, a partir da qual foram desenvolvidos os esforços de pesquisa, foi 

identificar e descrever os principais problemas de dependências das coreografias aos mundos virtuais, bem 

como as limitações encontradas no estado da arte. 

Para endereçar o problema em mãos, foram escolhidas ontologias como modelos de dados e o paradigma 

MDE (Model-Driven Engineering) como método de desenvolvimento das coreografias.  

A segunda contribuição foi a proposta de uma ontologia para representar de forma abstracta e genérica 

uma coreografia, independente de domínios de aplicação e de mundos virtuais.  

A terceira contribuição diz respeito à arquitetura de um sistema que permite representar, adaptar e encenar 

uma coreografia em, potencialmente, qualquer mundo virtual. Para capturar e representar uma coreografia 

multiutilizador e multi-domínio é adoptada uma abordagem baseada em ontologias com vários níveis de 

abstração. É também proposta uma abordagem orientada por modelos e um conjunto de processos que, 

usando mapeamentos entre as diversas ontologias permite a construção automática de uma coreografia 

específica para uma plataforma a partir de uma coreografia independente de plataformas, contribuindo 
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assim, para a redução do tempo e esforço no desenvolvimento das coreografias. Para isso, o paradigma 

MDE foi adotado e adaptado, para que os modelos possam refletir duas dimensões de independência: 

independência em relação à plataforma (tal como no MDE) e independência em relação ao domínio de 

aplicação. É também apresentada a arquitetura de um componente para gerir a encenação de uma 

coreografia no mundo virtual explorando as vantagens proporcionadas pelas características intrínsecas às 

ontologias, tais como, verificação da consistência da base de conhecimento, de regras e classificação 

automática de instâncias. 

As ideias e processos propostos no contexto desta tese foram implementados e testados usando vários 

cenários de diferentes domínios de aplicação e encenados em múltiplos mundos virtuais.  
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Abstract 

In the context of education and training, the use of new technological tools to assist the implementation 

of various teaching/learning strategies has been widely adopted. Virtual worlds have been seen as one of 

the technological artifacts with greatest potential for use in this area, since they provide an immersive and 

collaborative platform where users can freely develop educational activities, or follow choreographies with 

well-defined actions and rules. A choreography is a description of a set of actions that may or must be 

performed by a group of characters, either human or virtual, according to specific rules and goals to be 

achieved. 

Due to the large amount of existing virtual worlds with different features, functionalities, vocabulary and 

available APIs, a choreography is tailored to the target virtual worlds, thus having strong dependencies to 

these platforms, hindering its application to different virtual worlds platforms.  

This thesis focuses on providing a contribution to facilitate the creation, adaptation and staging of a 

choreography in multiple virtual worlds. 

The first contribution of this thesis, from which the research efforts were made, was to identify and 

describe the main dependency problems of the choreography to virtual worlds, as well as the limitations 

found in the state of the art. 

To address the problem in hands, ontologies were chosen to represent data models, and the MDE 

(Model-Driven Engineering) paradigm was adopted as the choreography development method. 

The second contribution was the proposal of an ontology to represent a choreography in an abstract and 

generic fashion, independent of any application domain and virtual world. 

The third contribution concerns a system architecture that allows representation, adaptation and staging of 

a choreography in potentially any virtual world. To capture and represent a multiuser and multi-domain 

choreography, an approach based on ontologies with multiple levels of abstraction is adopted. It is also 

proposed a modelling-driven approach and a set of processes that, through mappings between ontologies, 

enable the automatic construction of a platform-specific choreography from a platform independent one, 

thus reducing the time and effort of the choreography development. In order to do this, the MDE 

paradigm was adopted and adapted in a way where models can reflect two dimensions of independence: 

platform independence (as in MDE) and application domain independence. The architecture of a 
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component that manages the staging of a choreography within the virtual world is also presented, 

exploring the advantages provided by the intrinsic characteristics of ontologies, such as consistency 

checking, checking rules and dynamic classification of instances. 

The proposed ideas and processes in the context of this thesis have been implemented and tested using 

various scenarios of different application areas and staged in multiple virtual worlds. 
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Chapter 1 

 

INTRODUCTION 

This chapter describes the social, organizational and technological context that served as the starting point 

for the development of the work described in this thesis. The motivation that led to the realization of this 

work is explained, and the underlying problem to be solved is identified. The relevant research questions 

that arose, the hypothesis for their resolution and the adopted research method are also presented. Finally, 

the structure of this thesis is presented. 

1.1 Context 

We live in a dynamic society with a strong competition in which knowledge is a fundamental key point. 

Therefore, learning and training is a very important factor for the continuous updating of people’s 

knowledge, whose interests may be either at a particular or enterprise level, alone or in groups of people. 

At the particular level, learning and training can provide the learner with knowledge and skills that 

positively distinguish him/her from others. At the enterprise level, learning and training can be exploited 

in order to provide employees with an update of their knowledge and skills in order to allow the company 

to maintain a competitive advantage over its competitors. For this reason, some organizations embrace 

the continuous improvement of operations as one of their missions, in order to obtain service efficiency 

and avoid losing relevance. For some organizations it is essential that employees retain the knowledge they 

acquired and keep up-to-date with changes in the procedures they perform. This organizational 
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perspective echoes a concern to maintain or raise effectiveness levels, looking for a continuous reduction 

of errors, thus directly reducing costs. 

Training is therefore an important component within this context. At a basic level, it involves providing 

employees with knowledge about a set of operations and procedures. At a second level, it allows the 

practice of the acquired knowledge, promoting their consolidation. 

Virtual Worlds (VWs) attracted the attention and gained particular relevance as tools used to support 

teaching and learning procedures [1]–[4]. 

In an educational context, there are some evidences [5]–[8] that the use of immersive virtual environments 

gains advantage compared to traditional methods (cf. section 2.5.2). Generally, these environments are 

more appealing [9] arising more interest and curiosity in the learner and, as a consequence, an increase in 

knowledge transfer and trainee’s retention capacity can be boosted. Moreover, VWs provide an 

environment where teaching can become more appealing, since they offer the user a dynamic, interactive, 

immersive and engaging environment that generally retains attention more easily. In addition, VWs can be 

used to perform testing procedures, perform the same simulation several times, perform actions 

considered wrong and check the impact of these decisions. They can also open access to possibilities that 

would not be possible in a real world scenario due to its hazardous nature, scarcity of resources, 

environmental characteristics or even for financial reasons. 

1.2 Motivation 

We have witnessed a significant proliferation of VWs based on the Internet, and available to the general 

public such as Second Life1, OpenSimulator2, ActiveWorlds3, Club Penguin4, etc. These environments 

simulate social aspects of the real life of the human being (represented by avatars) and have been used for 

various purposes, from creating virtual communities where users use it to interact with each other 

establishing true social networks, to the implementation of e-commerce and recreational platforms. 

Due to the democratization of access to VWs, there has been a rapid growth [10] in the number of people 

(of all ages but especially the younger ones) who know, understand and use these tools. The availability of 

an environment with a relatively pleasant realism where users can communicate with others, navigate 

freely through the surroundings and interact with the scene’s objects captivates users and contributes to 

promote the adoption of VWs [11]. 

                                                      
1
 http://secondlife.com/ 

2
 http://opensimulator.org/ 

3
 http://web.activeworlds.com/ 

4
 http://www.clubpenguin.com/ 
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1.3 The Problem 

A choreography is a specific type of content employed in describing the story to be performed, i.e., 

corresponds to the representation of a set of actions that can be performed sequentially or simultaneously 

by a team of actors (explained in more detail in section 2.5), taking into account a desired purpose. Staging 

is the implementation of the choreography in the Virtual World Platform (VWP) as a VW, i.e., the 

execution of actions as described in the choreography, by a set of characters in a simulation or role-playing 

environment. 

The authoring of a choreography (as explained in Chapter 5) is a task with a high degree of complexity 

performed by the choreographer. However, tools that allow for substantial simplification of the work of 

the choreographer in specific application domains have already been developed. For instance, 

programming by demonstration is a technique that consists in capturing the specification of a 

choreography while the author performs its demonstration through appropriate interfaces. It was used to 

represent maintenance procedures operations [12], movements of a robot [13], and handball strategies 

[14]. Montesanto et al. [15] used recognition of motion patterns from video to produce semantic 

descriptions of human actions. 

A choreography is designed to be executed by a given set of actors and generally it is intended that each of 

them is controlled by a human user. However, it is necessary to support the possibility to perform a 

choreography when not all necessary human users are available. To cope with the absence, characters that 

are not associated with a human user should be played/controlled by the computer, thus ensuring that all 

the characters are represented in the VW and can carry out actions according to the planning of a 

choreography. 

The specification of a choreography is usually authored regarding a specific platform by focusing on that 

platform’s characteristics. Since VWPs are very heterogeneous in terms of (e.g.) functionalities, data 

models, execution engines and programming/scripting languages or APIs, most approaches design 

content for the specific VWP where it will be staged. This creates strong dependencies with the VWPs, 

making it difficult or even impossible to stage the choreography in other VWs. Thus, in order to use the 

same choreography in different platforms, it is often necessary to rewrite the specification to suit the 

specific characteristics of the target platform. Moreover, once the choreography is authored, changes are 

often necessary, repeating similar specification efforts for all the target virtual platforms. 

Designing content for VWs is a resource-intensive and time-consuming effort, so it is important that the 

result will not stay tied to a specific VWP but rather available to be applied on potentially any VWP. 

Despite the complexity of the specification of a choreography, it can be simplified using the techniques 

previously described. However, adaptation and implementation of this choreography to several different 

platforms with different characteristics and functionalities remains an open research problem. 
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The work of this thesis aims to provide a contribution in order to find a solution to this problem, i.e., to 

provide a method that facilitates authoring and evolution of multiuser, multi-domain choreographies for 

different virtual platforms. 

1.4 Research Questions 

The research problem addressed in this thesis is stated as: 

How to reduce time and effort of authoring and maintaining a multiuser and multi-domain choreography for staging in 

multiple and different virtual world platforms? 

The approach to this main problem raised other questions that needed further response. In detail, this 

work sought to find answers to the following questions: 

1.4.1 Research question 1  

How to author and maintain a choreography avoiding particular dependencies of virtual worlds?  

Actions should be represented at a high level as if they were described by and for a human being. It is 

desirable to allow the representation of actions with different levels of detail to allow further 

implementation with the degree of accuracy that best suits the requirements of the target VWP. 

To address this question ontologies will be adopted as they allow a representation of knowledge in a close 

way to human conceptual requirements and in a formal way that allows computer processing. In fact, 

according to Obrst et. al., "ontologies are the best way to represent conceptual information in order to 

bring the intelligent systems closer to the human conceptual level" [16]. While humans typically perform 

the choreography authoring and maintenance processes, computers will stage the choreography. Thus, an 

artifact that reduces the gap between these two paradigms is potentially beneficial. 

1.4.1.1 Research question 1.1  

How to represent a generic high-level choreography containing a set of actions and their interdependencies? 

Actions by themselves represent isolated acts. A choreography, on the other hand, is a set of interrelated 

actions representing a script with a specific meaning. Typically, during staging, actions do not arise all 

simultaneously and independently of each other, but instead experience temporal and semantic 

interdependencies. 

The choreography representation data model must contain the representation of mechanisms that permit 

establishing relationships between actions in order to develop a choreography with a logical planning. The 

planning of the choreography consists in specifying the execution conditions (pre-conditions) of each 

action and the effects of its execution (post-conditions).  
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1.4.1.2 Research question 1.2  

How to represent a generic high-level choreography that allows controlling the progress of staging? 

In order to allow and control the behavior of actors but at the same time give them a certain degree of 

autonomy, a role-oriented choreography modelling will be adopted. 

1.4.2 Research question 2  

How to transform a choreography that is independent of any platform to a choreography dependent of a particular platform in 

order to reflect its own specificities? 

To address this question the Model-Driven Engineering (MDE) paradigm will be adopted. The 

transformation of a generic choreography (independent of any platform) into a choreography specific to a 

particular platform (where it will be staged), is conducted through a set of model transformation processes 

based on mapping specifications. Mappings establish correspondences between the entities of two 

choreographies’ abstractions (models) and define the necessary data transformation. 

A model in the form of ontology will represent the entities for each target VW in a way that best suits the 

specific characteristics of each VWP. Thus, for each VWP’s model (i.e. an ontology) a mapping between 

the entities of the generic ontology choreography and the VW’s choreography ontology will be defined.  

From the platform-independent choreography ontology (model), a transformation process will generate 

the platform-specific ontology (model) according to the defined mappings. 

1.4.3 Research question 3  

How to deal with the maintenance of the choreography to face future evolutions of the choreography or even the VWPs? 

This problem is addressed automatically by the use of ontologies and the MDE paradigm. In fact, the 

MDE transformation process generates a VWP specific choreography ontology based on the generic 

ontology choreography and the mappings between them. Thus, the problem of evolution is handled 

automatically based on the mappings. While in some cases the mappings will need adjustments, in many 

cases the existing mappings will be sufficient and the maintenance/evolution of the choreographies is 

automatic.  

1.4.4 Research question 4  

How to stage a multiuser choreography in a VW and control the behavior of characters according to the rules of that 

choreography? 

To address this question, the staging of a choreography will be based on two components: (1) the VirtMan 

that is dependent on the VWP, which monitors and controls what is happening in the VW, and (2) the 

Choreography Manager (ChorMan) that is independent of VWPs, which manages the knowledge-base of 

the choreography. These components operate together to exchange information with the following 
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purpose: the VirtMan component informs the ChorMan about changes detected in the VW as well as 

actions triggered by actors. The ChorMan component provides the VirtMan with feedback related to the 

actions triggered in the VW, according to the specifications in the knowledge-base. 

1.4.5 Research question 5  

How to combine, in a multiuser choreography staging, both human and computer-controlled actors? 

To address this question, two staging components are further required: the NpcMan that represents the 

computer-controlled actors and a Planner that generates a plan of actions based on the choreography. The 

NpcMan instructs the computer-controlled actors according to the resulting plan. 

1.5 Research Method 

One goal of this work was to design and develop a new artifact with new features for a specific domain. In 

this sense, the design-science research paradigm [17] was adopted as a research method because “it seeks to 

create innovations that define the ideas, practices, technical capabilities, and products through which the analysis, design, 

implementation, and use of information systems can be effectively and efficiently accomplished” [17]. 

Design-science research is fundamentally a problem-solving paradigm whose evaluation is conducted 

through an iterative and incremental process before the final design artifact is generated. It comprehends 

two complementary phases [17], [18]:  

(i) The building phase that comprehends constructs (representation language), models 

(representation of abstractions), methods (algorithms), and instantiations (working system - 

prototype). 

(ii) The evaluation phase that provides essential feedback allowing the identification of 

weaknesses in theory or in artifact for further adjustments of the detected deficiencies. 

The foundations of this paradigm gave rise to seven guidelines [17] to assist researchers, reviewers, editors, 

and readers in understanding the requirements for effective design-science research. These guidelines were 

addressed as follows: 

1. Design as an artifact. Several artifacts that resulted from this research were as follows:  

 A conceptual architecture was produced (cf. Chapter 4) as well as its key components (models 

and methods). 

 The authoring component (method) was produced as well as a choreography abstraction 

representation (model). In Chapter 5 these are presented, as well as their authoring and 

instantiation. 
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 The mapping component (method) was produced, describing mappings between different 

choreography abstractions (models) (cf. Chapter 6). 

 The algorithm that generates a choreography (model) was produced (cf. Chapter 6). 

 The execution component (method) was produced (cf. Chapter 7).  

2. The relevance of the problem is emphasized by identifying the state-of-the-art limitations (Chapter 2); 

3. Design Evaluation. To demonstrate the utility, quality and effectiveness of the produced artifacts, 

experiments were performed covering different application domains. Direct observation of 

choreography staging in a VW was the main instrument used for data collection. Results were 

evaluated qualitatively, actions performed in the VW and their sequencing were compared with 

choreography definitions to check for evidences of discrepancies or inconsistencies (cf. Chapter 8); 

4. Research Contributions. Based on the novelty and significance of the designed artifacts, a 

systematized identification of the contributions is presented in section 1.6 ; 

5. Research Rigor. The proposed artifacts are formally described in Chapter 4 - Chapter 7, employing 

description methods described in Chapter 3. Furthermore, the artifacts are evaluated based on 

experiments carried out in Chapter 8; 

6. Design as a Search Process. By its nature, design science is an iterative process with the aim of 

continuously improving artefacts. To develop effective and efficient artefacts implies adding to the 

same formula the knowledge of the application domain and the solution domain, and combining them 

using the best practices for the problem domain, and finding an improved solution with innovation. 

In this sense, the work presented along Chapter 4 to Chapter 7 resulted from a set of iterations during 

the design and prototyping processes. The state of the art on the application domain is presented in 

Chapter 2. To clearly understand the proposed artefacts, the fundamental background knowledge of 

the solution domain (ontologies and model-driven engineering) is described in Chapter 3. The 

proposal for an innovative and effective solution to the addressed problem is described in Chapter 4 - 

Chapter 7; 

7. Communication of Research. Most of the proposed and described artifacts were presented and 

published in international conferences and magazines and, therefore, evaluated by the respective 

research community. This reveals the importance of the proposed approach to the problem presented 

here. The communication of the research performed was based on the following publications: 

 E. Silva, N. Silva, L. Morgado, P. Martins, and H. Paredes, ‘An Ontology-Oriented Architecture 

for Platform-Independent Multi-User Choreographies’, Learning Technology, vol. 14, no. 2, 2012 

 E. Silva, N. Silva, H. Paredes, P. Martins, B. Fonseca, and L. Morgado, ‘Development of 

platform-independent multi-user choreographies for virtual worlds based on ontology 
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combination and mapping’, in 2012 IEEE Symposium on Visual Languages and Human-Centric 

Computing (VL/HCC), 2012, pp. 149 –152 

 E. Silva, N. Silva, and L. Morgado, ‘Staging Choreographies for Team Training in Multiple Virtual 

Worlds Based on Ontologies and Alignments’, presented at the HCI International 2014, 

Heraklion, Crete, Greece, 2014 

 E. Silva, N. Silva, and L. Morgado, ‘Model-Driven Generation of Multi-user and Multi-domain 

Choreographies for Staging in Multiple Virtual World Platforms’, in Model and Data Engineering, 

Y. A. Ameur, L. Bellatreche, and G. A. Papadopoulos, Eds. Springer International Publishing, 

2014, pp. 77–91 

1.6 Research contributions 

The scientific research conducted throughout the work of this thesis gave rise to several scientific 

contributions that can be better distinguished in the areas of (i) design artifact contributions, (ii) 

foundational contributions and (iii) methods contributions. 

1. Design artifact contributions 

 Identification of problems and difficulties that limit the use of a choreography in multiple VWs, 

particularly those involving multiple users;  

 An architecture allowing authorship/maintenance of a choreography on an application domain 

and adapting it into a specific choreography of potentially any VW; 

 The description of the process that, from a choreography independent of VWPs, generates a 

choreography adapted to a particular VWP. The transformation algorithm that implements this 

process is also presented; 

 An architecture that allows the staging of a multiuser choreography in potentially any VW. The 

characters of the choreography can be performed by human users, by purely virtual actors 

controlled by computer or by a combination of both. 

2. Foundational contributions 

 A foundational ontology to represent/capture choreographies independent of the application 

domains and VWPs. There is no pretension that this ontology is able to represent all types and 

needs of choreographies (all purposes). However, this ontology is good enough to be used as a 

starting point to represent the generality of choreographies (general purpose); 

 Proposal of a method that reduces and simplifies the amount of models and successive 

transformations between them as recommended by the MDE paradigm. The use of ontologies is 
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suggested to represent different models and is justified in how they can simultaneously represent, 

on a single model, the roles of different abstractions of models (cf. section 3.2). 

3. Methods contributions 

 Proposal of a method for creating and transforming models whose independence is based on two 

dimensions. To address this, we propose an approach that adopts and adapts the MDE paradigm. 

Unlike in MDE, in the proposed method the model is not only independent from the platform 

but also independent from the (choreography’s) domain. 

1.7 Thesis Structure 

This thesis is composed of 9 chapters and the bibliography, grouped into three parts: 

1. The first part includes Chapter 1, through Chapter 3: 

 Chapter 1 describes the social and technological context of the research, its first motivations, the 

problem to be solved and the thesis statement; 

 Chapter 2 presents a survey of the literature that is considered relevant to the problem of 

representation and staging of multiuser choreographies in multiple VWs; 

 Chapter 3 introduces the reader to the background knowledge required in further chapters. The 

background knowledge refers to two distinct research areas: (i) ontologies and (ii) Model Driven 

Engineering (MDE). 

2. The second part includes Chapter 4, through Chapter 8: 

 Chapter 4 presents and describes the conceptual proposal we advocate that is able to contribute 

to the solution of the addressed problem; 

 Chapter 5 describes the process of authoring a generic choreography for a particular application 

domain; 

 Chapter 6 presents the transformation process describing the necessary mapping mechanisms 

between ontologies and subsequent generation of a choreography for a particular VWP; 

 Chapter 7 presents the execution process describing an architecture that facilitates staging a 

choreography in potentially any VW; 

 Chapter 8 describes the various experiments on the artifact developed to assess the validity of the 

proposals presented in this thesis. 

3. The third part concludes the research and development description: 
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 Chapter 9 reviews the performed research and achieved results, and describes the ongoing 

research efforts and the foreseen future research. 
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Chapter 2 

 

TEACHING/LEARNING USING VIRTUAL 

WORLDS 

This chapter gives an overview of the use of technological artefacts in general and VWs in particular, in 

the context of teaching and learning. A description of the most relevant systems in this area and a 

comparative analysis between them from different perspectives is presented. Some approaches that focus 

on content development and trying to apply them to multiple VWPs are also presented.  

2.1 Teaching, learning and technology 

“Learning is the lifelong process of transforming information and experience into knowledge, skills, behaviors, and 

attitudes”[19]. 

In this quote from his blog, Cobb neatly summarizes a common perspective on learning: that it is a 

process of transformation of information into knowledge and skills [20] and into behaviors and attitudes 

[21]. However, it is far from being the only one. There is a large diversity of learning theories, focusing on 

other aspects, such as the process by which people learn, e.g., by looking at it as a reconstruction of 

concepts within one’s mind, based upon inputs and prior constructs [22]; others look at how other 

individuals may support or influence one’s learning, such as teachers [23] or experts/people more skilled 

in the practice related to one’s learning [24]. Others still take a broader view of knowledge, skills, 
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behaviors, and attitudes, focusing on aspects such as one’s relationship with society [25], or the 

individual’s development towards becoming an autonomous person [26]. As Hopkins said: 

“The purpose of teaching therefore is not only to help students to acquire curriculum knowledge, but also to assist them in 

becoming powerful learners. The most effective curricular and teaching patterns induce students to construct knowledge – to 

inquire into subject areas intensively. The result is to increase student capacity to learn and work smarter. The trick is to find 

ways of raising levels of attainment whilst at the same time helping students become more powerful learners by expanding and 

making articulate their repertoire of learning strategies”[27]. 

Given the diversity of theoretical perspectives on learning and the consequent complexity they bear upon 

the practice of teaching, many find technological artefacts an important ally. For instance, by allowing the 

implement of new strategies of interaction between teachers, students, and subject matter [28]. Or by 

enabling new approaches to learning itself: rendering concrete concepts that are abstract without it [29] or 

enabling the learner to explore his/her own concepts and test their validity [30]. 

Technology and teaching is a bidirectional relationship: technology may drive teachers’ practice, and 

change the context of classrooms; or teachers may drive the use of technology, using it beyond its original 

intent: 

“There are times when well-designed software helps someone teach because of the built-in pedagogy steeped into the design of 

the tool. There are other times when a knowledgeable person can take a technology and make it pedagogically sound ‘on the 

fly’. In both cases, one drives the other. We can support teachers with pedagogically sound technology; and we can learn from 

teachers who make technology pedagogically sound” [31]. 

Teaching, besides not being a simple process in itself, is practiced in different scenarios. It can be 

synchronous, with the student and teacher interacting directly with each other (face-to-face or remotely), 

or asynchronous, without simultaneous interaction between teacher and students. For instance, face-to-

face teaching is typically synchronous, with teacher and student sharing the same space, time, and 

pedagogical content, such as: (i) lectures in which the teacher explains facts, (ii) seminars where speakers 

make presentations and attendants may ask questions, and (iii) hands-on sessions in which students 

develop activities under supervision and guidance. Technological artifacts such as video conferencing, 

text-based chat mechanisms or indeed VWs, which are the scope of this thesis, may assist or enable the 

synchronous formats, by enabling teacher and students to interact without having to share the same 

physical space [32], [33], or by enabling them to contact people outside the physical space of the 

classroom. They may also assist or enable the asynchronous formats, by enabling people to interact 

without having to share the same physical space and time [34]. 

In both cases (synchronous and asynchronous), technology can also enable teachers and students to 

experience hard-to-reproduce or dangerous situations [35]–[38], or adopt novel approaches to exploring 

knowledge and concepts, as mentioned earlier [28]–[30]. 
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VWs are part of this technological panorama and have been used in many and varied ways in teaching and 

learning. They have been identified as an emerging technology likely to have a large impact on teaching 

and learning [39]–[42]. 

VWs allow the representation of virtual spaces to support social interaction [43]–[45], where teachers and 

students - even if geographically distant - share the same virtual space and use the visualization and 

communication capabilities available on the platform to interact with each other (for instance, they can 

participate together in an online teaching session [45]). Thus, from their homes or offices, teachers and 

students are represented remotely in the VW as avatars, and develop activities in the virtual space as if 

they were physically present there.  

VWs enable the classroom to be extended, allowing groups of people from various countries and cultures 

to be connected and encouraged to create or participate in collaboration-based learning practices like 

meetings, group projects, shared exploration, and shared knowledge building [45] [46]. This has been used 

to perform collaborative work, forming learning communities where each participant acts both as a 

teacher and a learner [47], [48]. For instance, the I Dig Tanzania, I Dig Zambia and I Dig Brazil summer 

schools [49], allow people all over the world to use VWs to experience a scientific expedition held in 

places represented virtually, such as Tanzania, Zambia and Brazil, without leaving their countries. 

Participants perform a wide range of activities, such as digging for rocks in a particular area, collaborating 

in real time with international scientists and teens, learning about the local culture, and working 

individually or in teams. 

Another opportunity to extend the classroom is the possibility of attending VW conferences. These can 

be seen as teaching/learning environments where participants communicate with one another, in 

embodied interaction, as in typical face–to-face physical events. Some conferences are already held 

exclusively within a VW, such as OSCC (OpenSimulator Community Conference) [50], FCVW (Federal 

Consortium for Virtual Worlds) [51], Mayo Clinic5 conferences [52], Virtual Worlds Best Practices in 

Education [53], and SLACTIONS6 [55].  

VWs enable asynchronous moments, in which students can practice autonomously sessions prepared by 

the teacher, prepare items or projects to be displayed inworld for other people to see and evaluate, and 

engage in scenarios of complex problems [42]. For instance, Second Life and OpenSim were used for 

virtual archeology [56] to represent historical or archaeological heritage and ancient monuments that no 

longer exist. Second Life was used to implement a virtual gallery, which can tailor itself to an individual 

visitor, following its history of interaction [57]. VWs can be used in teaching and learning of computer 

                                                      
5
 Mayo Clinic is a hospital that has an island in Second Life where it holds courses and conferences. 

6
 SLACTIONS is a conference series that is usually held with a hybrid online and physical format: papers are 

presented within the virtual world, but also projected in local chapters, for participants attending physically 

which can interact with the online participants via an avatar and microphone [54]. 
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programming, providing students a place where they can store their incomplete work allowing the teacher 

to follow their progresses/efforts [58].  

Exploratory capacity and simulation are other aspects in support of learning provided by VWs. Some 

situations or simulations are difficult or even impossible to implement in the classroom since they involve 

risks, require specific, expensive equipment that is not always available. Training scenarios for firefighting 

[59], [60], military operations [61], [62], flight simulation, medical surgeries [63], are just some examples. 

Military training applications is a field of huge investment in VWs [61], [64], [65]. They are particularly 

useful in training soldiers for combat situations [62], leadership [66], operating equipment or other 

hazardous activities [35] where they have to learn to do things and to react in a particular way. Soldiers can 

train the same scenario over and over again to improve skills or train in completely new scenarios without 

hurting themselves or have their life in danger as it happens in the real world. In the military domain, the 

use of VWs is seen as a way to save money, time and lives [67].  

Digital games have been used for a long time in educational strategies [68], also known as game-based 

learning (GBL) [69]–[71], providing more captivating and creative teaching sessions. VWs can be used in a 

game perspective, because some are true VWs. For example, Minecraft7 (a Legos-like environment) is 

used in the classroom to develop scientific literacy of the players, serving as a platform to illustrate 

scientific concepts in various disciplines such as biology, ecology, physics, chemistry, geology and 

geography [72]. Beyond the game-based learning, another perspective can be considered which is, how 

one can learn from the use of games, i.e., how one can learn while playing. An example of this perspective 

is the use of World of Warcraft8 (WoW) (Figure 4) where players communicate with each other, develop 

game strategies, and learn in this context [73]. 

2.2 Virtual Worlds and choreographies 

According to Morgado [44], a VW is a multiuser and immersive environment. Multiuser regarding the fact 

that it provides a social space that enables interaction between people, and immersive presence is 

regarding to provide its users the feeling of being present in the VW and to experience what happens 

there. 

In literature many definitions for VWs are found, whose descriptions are more or less restrictive, given the 

context to which they refer to. For instance, Fox et al. [74] defined VWs as ”online, persistent, shared 

environments that allow multiple users to create content and experiences, collaborate, and communicate with other users 

generally through the use of an avatar”.  

                                                      
7
 https://minecraft.net/ 

8
 http://us.battle.net/wow/en/ 
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An avatar is the personification of the user (or agent). It usually has the form of a textual, 2D or 3D 

representation, photography or cartoon, and it is through them that the user interacts with the VW and is 

affected by it [44].  

Many authors argue that persistence is one of the attributes featuring a VW. [74]–[79]. Persistence means 

that “A virtual world cannot be paused. It continues to exist and function after the participant has left” [80]. But, 

persistence is not an essential requirement in all contexts. The need for it is strongly linked to the 

motivations of each author. For example, Castronova [75] used VWs to study economic processes that 

occur over time and, therefore, persistence is required. 

However, some technological artefacts used in teaching and training do not have persistence. This is the 

case of virtual labs [81], which are created for students to complete assignments and, after they log off, all 

changes made to the system are removed and anything saved is deleted. Thus, in an educational 

perspective, in which the motivations for the definition of Morgado are based, persistence may not 

represent an essential feature. In some cases it may indeed be important but not in others. 

Therefore, this thesis considers that the definition of VW should be less restrictive than the definition 

given by Fox et al. [74]. Persistence should not be an intrinsic characteristic of the VWs, and therefore, a 

broader definition was adopted as the Morgado [44], arguing that multiuser and immersive presence are 

the two essential aspects of a VW in a learning and training context. 

Participants can be involved in activities taking place in VWs that are an integral part of other, non-VW 

activities, and therefore be involved in real moments of apprenticeship learning [82]. Non-virtual activities 

are those related to the application domain knowledge in question, related to educational issues or with 

the performance of trainees.  

For example, consider handball training carried out in a VW. The field, the ball and the goals are virtual 

content that compose the virtual space. On the other hand the game tactics that define the sequences of 

passes and players’ movements are part of the expertise of the handball domain and therefore, is 

considered a non-virtual content. 

In this context, it is considered that a training procedure, or a simulation involves two different types of 

contents: (i) virtual content that corresponds to a set of settings (topography, lighting, etc.) and visual 

artefacts (avatars, objects, surroundings, etc.) related to the VW and (ii) real content that is related to the 

logic of the application domain, i.e., aspects concerning the coordination of interactions between users, 

between objects and between users and objects, which can range from a simple cause-effect relationship 

of a single event to more complex scenarios such as theatrical performances or similar [83]. 

In a training session in the real world, a trainer (or more) monitors the activities of trainees and provides 

instructions to guide them or to correct their actions. The component that belongs to the logic of the 

domain is completely controlled by the trainer. The same training session can be reproduced using VWs. 

The trainer and trainees meet in the same virtual space and perform the activities foreseen under the 
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coordination of the trainer. In this case, the VW is only used as a support platform that facilitates the 

execution, not interfering with the overall planning of the activities. However, the non-virtual content can 

be captured and formalized in order to be interpreted by the computer. Activities can be detailed in the 

form of actions, following a logical structure and independent of the VWs platform. This allows exploring 

the possibility of reusing situations previously prepared for use in current activities. Another possibility is 

to record the current activities for an assessment file or to be shared in other systems, on other occasions. 

Regarding this, it is essential to capture the knowledge on the actions that must be performed and 

structure it in a kind of theatrical script, i.e., formally capture the entire activity as a choreography. 

Moreover, VWs allow education with an extended temporal availability, providing an access 24 hours, 7 

days a week, to educational content [48], [84], so that a student simply needs an Internet connection and 

he/she can be in the classroom. 

2.3 The universality of virtual worlds 

VWs have been perceived as a promising tool that can be used in a wide range of application domains. 

Meijer [85] conducted a study and concluded that the use of virtual environments can increase the 

effectiveness of learning of a human being and even increase it when photorealistic means are used, such 

as VW. There are a number of examples showing the benefits of using VWs in (i) entertainment, (ii) social 

networking, (iii) teleconferences, (iv) military, (v) healthcare and (vi) education domains, among others.  

Entertainment is one of the areas with a lot of popularity in the use of VWs. Multi-user online games 

captivate millions of fans around the world. The numbers are truly stunning, but let's see two examples: 

WoW (World of Warcraft) is one of the most popular online games, which had in the third quarter of 

2014, 7.4 million active subscribers [86] and, the game League of Legends is played by 67 million people 

every month, 27 million every day and more than 7.5 million people play it at the same time every day 

[87]. 

There are VWs less oriented towards gaming and rather targeted towards social contact and creativity. 

Second Life9, OpenSimulator10, Habbo Hotel11 and Club Penguin12 are well known examples of this type 

of VWs.  

The field of health care has also adopted VWs as training and learning tool. Examples can be found whose 

purpose is to train nursing students on practical diagnosis and treatment of patients [88], [89], and to train 

physicians to respond to trauma situations [90]–[92] or mass accidents [93]. 

                                                      
9
 http://secondlife.com/ 

10
 http://opensimulator.org 

11
 https://www.habbo.com/ 

12
 http://www.clubpenguin.com/ 
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Some universities have used VWs to replicate their university campuses [89], [94]–[96] where teachers, 

students and visitors can meet and develop activities such as teaching, learning, communicating with each 

other and performing tasks in a collaborative way. 

2.4 Virtual worlds are not homogeneous 

The visual aspect and the interaction paradigm that VWs provide their users can be very different. The 

historical evolution and their purpose contribute accordingly. 

 

Figure 1 – The British Legends MUD13  

Back in the 1979’s, the initial VWs known as MUD (Multi-User Dungeon) [97] had a text-based UI, and 

usually joined elements of roleplaying, fictional stories and online chat [98]–[100]. Users were aware of the 

evolution of history by reading or seeing the descriptions of the environment, other players and actions 

performed in the VW. Users interact with the VW writing commands into a kind of natural language. 

Figure 1 depicts an example of the visual aspect of the British Legends MUD14. 

Technological progress brought higher performance and superior graphics to computers, which enabled 

VWs to gain a more appealing visual representation and improved interaction. The interfaces are now 

presented graphically with realism and interaction now has other mechanisms such as the keyboard and 

the mouse to navigate within the virtual space and interact and chat mechanisms to communicate with 

                                                      
13

 Image source: http://www.british-legends.com/WizTerm/wizterm1.gif 
14

 http://www.british-legends.com/CMS/ 
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other users [101], [102]. Figure 2 and Figure 3 depict the appearance of the VW ChitChatCity15 and Club 

Penguin16 that was developed upon the SmartFox platform, respectively, which incorporate these features. 

 

Figure 2 – Users chatting on ChitChatCity 

ChitChatCity is a VW where users can interact with each other using a chat mechanism. 

 

Figure 3 – A meeting of many users in club penguin 

SmartFoxServer17 (SmartFox) is a multiuser platform that allows the creation of massive multiplayer 

applications with an isometric environment 2.5D using OpenSpace18 engine. This is a client/server multi-

user platform, designed to integrate mobile technologies and the Web, such as Adobe Flash, Unity, iOS, 

                                                      
15

 http://www.chitchatcity.com/ 
16

 http://www.clubpenguin.com/ 
17

 http://smartfoxserver.com/ 
18

 http://openspace-engine.com/ 
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Android, Windows Phone 8, HTML5 and Windows 8. It is dedicated to multi-user games, MMOs 

(Massively Multiple Online games / applications), virtual communities, etc. Club Penguin, Winx Club19 

and Discovery Channel – Jimi Rock World20 are examples of communities and VWs developed using the 

SmartFox platform.  

VWs have also been used as a platform for games. The World of Warcraft21 (WoW) is one of the best 

known examples (Figure 4). It is a 3D Massively Multiplayer Online Role-Playing Game (MMORPG) 

where players from around the world assume the roles of heroic fantasy characters and explore a VW full 

of mystery, magic, and endless adventure. They can communicate with each other via textual or voice 

chat, allowing them developing combat strategies together. The customization of WoW´s interface can be 

performed by functions of the LUA scripting language. 

 

Figure 4 – A game taking place in World of Warcraft 

Although visually appealing because of their more realistic interfaces, VWs are yet somehow limited in 

terms of their functionality. Usually, they are targeted to very young users, with recreational and 

socialization purposes where communication between users has a very important role. 

Other VWs, such as Second Life22 (Figure 5) and OpenSimulator23 ,aka OpenSim (Figure 6) present 

broader application-development possibilities. Beyond the social nature aspects, they enable the 

development of complex simulations, the creation and modification of content (e.g. cars, houses, etc.) and 

introduce programming elements (to detect events, trigger actions, etc.). They present a 3D-like interface 

with a high level of realism and allow the user to perform a wider range of actions compared to previous 

VWs. As an example and without thoroughly describing all capabilities, in Second Life and OpenSim a 

user can move to a specific location, communicate with other users using textual chat or his voice, attach 

                                                      
19

 http://www.winxclub.com/ 
20

 http://www.jimirock.com/ 
21

 http://us.battle.net/wow/en/ 
22

 http://secondlife.com/ 
23

 http://opensimulator.org 
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and detach objects to/from the Avatar figure and touch objects (which can trigger actions if such objects 

were programmed for that purpose).  

Second Life provides users a scripting programming language known as LSL (Linden Scripting Language). 

LSL has C-style syntax and allows controlling the behavior of in-world objects of Second Life from inside 

or outside the server. OpenSim allows developers customizing the VW and access it via programming, 

using C# and OSSL (OpenSimulator Scripting Language) programming languages.  

 

Figure 5 – A partial view of a representation of an airport in Second Life  

 

Figure 6 – A presentation at Opensim Community Conference 2013 in OpenSim24 

                                                      
24

 image source: http://opensimulator.org/images/0/0d/Oscc13_001_002_grady_booch.png 
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Given this small enumeration, it is clear that VWs are not homogeneous regarding features, interface, 

functionalities and vocabulary. To systematize the description above, Table 1 shows the characteristics of 

VWPs, emphasizing on the type of interface and types of interaction. 

Table 1 - Characteristics of virtual platforms relating to its interface and interaction possibilities. 

 MUD ChitChatCity WoW SmartFox Second Life OpenSim 

Interface       

     Input Keyboard Keyboard, 
Mouse 

Keyboard, 
Mouse 

Keyboard, 
Mouse 

Keyboard, 
Mouse 

Keyboard, 
Mouse 

     Output        

          Visual  TEXT 2.5D 3D 2D/2.5D 3D 3D 

          Audio  X X  X X 

     Zoom   X  X X 

Actions available       

     Move X X X X X X 

     Touch  X X X X X 

     Chat       

          Text       

               Private X X X X X X 

               Public X X X X X X 

          Audio   X  X X 

     Pick Up X  X  X X 

     Drop X    X X 

     SendObject    X   

API language   LUA Java LSL C#, OSSL 

For example: In Second Life and OpenSim a user can “Attach” or “Detach” objects to his avatar but in 

SmartFox this is not possible (in a direct way) because these actions do not exist. The opposite also 

occurs, in SmartFox it’s possible to send objects (personalized information) to one or more avatars but 

not in the other platforms. While in SmartFox concepts like "Private Message", "Public Message" and 

“Click” are used in Second Life or OpenSim, for actions with the same semantics are used in the concepts 

"Instant Message", "Chat" and “Touch”, respectively. WoW, Second Life and OpenSim allow users to 

communicate with each other by voice and to scale the size of screen image by zooming, unlike other 

systems. Moreover, not all VWs have an API (Application Programming Interface) to allow some degree 

of customization or to access their internal engine. But, those that provide APIs make them available 

using very different languages, such as the case of WoW, SmartFox and OpenSim that provide their APIs 

by using LUA, Java and C# programming languages, respectively. 
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2.5 Choreographies  

The word “Choreography” is defined in Merrian Webster dictionary25 as “the art or job of deciding how dancers 

will move in a performance” and also “the movements that are done by dancers in a performance”.  

It is considered in this thesis that for a context of learning and training in VWs, a choreography is a 

specific type of content employed in simulation or role-playing environments describing the story to be 

performed, i.e., corresponds to the representation of a set of actions that can be performed sequentially or 

simultaneously by a team of characters or roles in accordance with a plan. Characters are played by 

human-users and virtual computer-controlled avatars, and may have an interest in choreography as a 

trainer or trainee. The planning of actions may be total or partial [103], [104]. In a total planning, 

everything is planned from the beginning, the actions to be performed, their sequence and the characters 

that must execute them. In a partial planning, some autonomy is granted to the characters, allowing them 

to choose the actions subject to certain restrictions. 

Choreographies are of particular interest in teaching and learning in VWs as they can be used as support 

tools for guidance or control purposes, to promote discussion and debate, to promote concrete meaning 

for abstract concepts such as leadership, focus, coordination, risk, safety, visibility, crowding, loneliness, 

human behaviour, and more. Their content, for instance, may serve as a reference to determine whether, 

during a team training session, the performance of learners is in accordance with the intended role of team 

members. The choreography may also be used to place challenges to trainees, such as staying focused 

while a passer-by causes distractions, or a customer care situations. It may also be used to render concrete 

concepts such as “loneliness”, “fear” or “group dynamics”, and by connecting choreographies with rules 

for interaction, trainees can visualize emergent behaviours in crowds or other situations. For instance, 

hypotheses can be raised about citizen’s behaviour in historical contexts, and interactive choreographies 

used to test them in slightly different scenarios [105].  

A choreography may support the intervention of several people and include profiles defined according to 

the time or manner in which they should participate. Participation may even be flexible, i.e., fixed at the 

time of the creation of the choreography or be a feature of the staging, and in this latter case, enabling 

people to participate as performers or as observers.  

2.5.1 Models for representing choreographies  

In team training scenarios properly planned procedures are commonly carried out by a set of elements 

endowed with certain roles aiming to reach a well-defined goal. There is relevant work addressing the 

description of plans to represent procedures for team training with several elements and how actions are 

distributed among them. 
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 http://www.merriam-webster.com/dictionary/choreography 
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The representation of a choreography is very similar to what the W3C working group calls a Task Model 

(EOFM, AMBOSS [106], CTT [107], GOMS) [108]. These approaches propose hierarchical tree models in 

which tasks are successively decomposed into subtasks until an atomic level, where tasks represent actions 

that can be directly performed. These models use logical conditions to control when tasks can be 

performed and operators between tasks to control how they can be executed with each other [109]. 

HAWAI-DL [110] is another example of an hierarchical tree description of tasks. It aims to model 

training procedures for maintenance interventions in high-risk industries. The actions are described in a 

very detailed hierarchical fashion, with goals to be achieved, preconditions, post-conditions and 

associations to roles that define which agents are allowed to perform them.  

LORA [111] is a hierarchical parallel transition system language. It is a scenario language that describes the 

procedure by a set of hierarchical steps each of which is composed by a set of variables, steps and links 

between steps. Two ways to express who is allowed to perform an action are provided: (1) add roles to 

actions and (2) use activity clusters, i.e., linking several actions that must be performed by the same actor. 

STRIPS [112] is a representation language to express planning problems of actions. Planning is expressed 

through components, such as actions, states and goals, and the problem solution is obtained using 

planners that analyze its logical structure. The state of the world is represented by a set of predicates and 

the actions related to the application domain are represented with their respective preconditions and 

effects (post-conditions). The preconditions indicate the necessary conditions for the action to be 

performed and the effects indicate the changes in the state of the world resulting from its execution. The 

STRIPS language evolved to other languages with greater expressivity, such as ADL [113] and thereafter 

PDDL [114]. However, the increasing representation ability of these languages led to a significant 

increment in the complexity of their analysis by planners. Because in most cases it is not necessary to use 

these languages’ full potential and in order to reduce the complexity of the analysis of the plan, most 

planners accept only a subset of the PDDL language that basically constitutes the STRIPS representation 

[115], [116]. 

Other representation models are based in UML, such as VEHA and HAVE [117]. They are a 

specialization—and an extension—of the Unified Modeling Language (UML26), since UML does not 

define specific virtual reality concepts. VEHA is intended to model entities compounding the virtual 

environment, their categories, internal structures, relationships and behaviors. HAVE, on the other hand, 

supports the modelling of collaborative activities that both users and artificial agents may perform in the 

virtual environment. They support the definition of procedures describing the actions to be performed by 

a number of actors, each with specifically defined roles. UML activity diagrams define the procedures and 

the links between actions that compose it represent a causal sequence that can be seen as preconditions 
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and post conditions. These models can be further refined by adding restrictions to its elements, using the 

vrX-OCL (virtual reality eXtension of OCL) language that is an extension to the OCL language. 

SOAR [118] is a specific AI programming language that encodes all knowledge about the world and what 

to do by a set of rules, in "if then" pairs. Tasks are represented in a tree-like hierarchy in which each task is 

defined by a set of steps corresponding to primitive or composite actions. A composite action refers to a 

set of sub actions. 

Theoretically, models with hierarchical representation have a higher expressiveness than STRIPS [119], 

[120]. However, hierarchical models have severe limitations in their practical application since they can 

become unsuitable even under strong constraints [121], due to the excessive computation time required to 

calculate action plans. In practice, restrictions are applied to restrict the size of the plan and make it finite, 

reducing the depth of the hierarchy (the number of levels of subtasks) and set order among tasks in order 

to establish a sequence between them. By applying this set of constraints, the hierarchical model becomes 

very close and can even be expressed in STRIPS. So, in practice, the expressivity of STRIPS and 

hierarchical models can be considered similar [121], [122]. Furthermore, in the field of VWs, the STRIPS 

representation model is more widely known and used by the community than the hierarchical models 

[123]. 

UML is a modelling language which makes possible to visually/graphically represent a system. The two-

dimensional representation of a diagram can be more intuitive than text [124] i.e., it is easier to 

understand, as regards the adage "a picture is worth a thousand words". Spinellis [124] argues that, “when 

we examine the graphical representation of a model we utilize our visual cognitive apparatus which has 

some millions of years of evolutionary advantage over our text-reading abilities”. Further, diagrams can be 

viewed following different directions to gain distinct insights, while text is typically scanned from left to 

right and top to bottom. On the other hand, the declarative languages with textual notation may allow a 

less abstract representation of a model and a more accurate formalization of its concepts. 

2.5.2 Applications of choreographies 

Based on the conducted analysis, it has been found that, in general, systems are implemented in a 

particular virtual platform, or in platforms with very similar characteristics. Therefore, the modelling of 

domain knowledge is not always performed with a sufficiently high level of abstraction allowing a 

representation free of the technical characteristics of these platforms. By incorporating specific features of 

a VW, the developed choreographies are limited and their application to other distinct VWs is 

conditioned. The consequence of this approach is that the choreographies become hostages of the 

implementation platform for which they were designed, causing serious constraints on staging the 

choreography in another VW. Since there are many VWs, with different hardware and software 

requirements and interfaces with different levels of detail (e.g. text, 2D or 3D), it would be important to 

be able to stage the choreography in the most convenient VW, by the following reasons: 
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 When a VW is inactive, the choreography may be performed in another VW; 

 Using VWs in accordance with the capacity of the available hardware. For example, (i) when a 

user operates a small device like a smartphone a VW of text (lighter and with a simpler 

interface) can be used, or (ii) a 3D VW when a computer with powerful hardware and a high-

resolution screen is operated; 

 Using multiple VWs during several training sessions of the same activity, incrementally in 

terms of visual and interaction complexity, in line with the level of knowledge and proficiency 

of the user. The user could start the training in a more rudimentary VW that only focuses on 

the essential aspects and, as his/her performance improves, he/she could continue training 

using a more elaborate and realistic VW. 

A choreography should represent the coordination of a set of actions and describe them with a high level 

of abstraction, independent of any VW. Let's make an analogy with a theatrical script. A theatrical script 

focuses on telling a story, describing the sequence of actions and who should perform them, without 

concerns about the physical stage on which the actions will be staged. Unless dealing with a very exigent 

script, staging the script in different theaters does not pose problems as in most cases typical stages can 

accommodate most of the plays.  

This thesis argues that VWs can play a similar role to the theaters’, i.e., their function should focus on 

providing a stage and mechanisms to support the staging of choreographies which in turn, should be 

avoided in their representation dependencies to VWPs. 

The independence of a choreography to VWs platforms allows future changes or even a complete 

replacement of its logic without modifying the execution process of the VWs. When this does not happen, 

a great effort and high costs may be needed to address the changes or, in extreme situations, the changes 

may not be feasible. As an example, consider the Full Spectrum Warrior (FSW) [125], a project supported 

by the US Army to be used with Microsoft's X-Box game console system to provide Infantry squad 

leaders the opportunity to practice tactical decision-making and executing the troop-leading procedures 

required for urban operations. The U.S. Army spent more than $4 million to create a video game as a 

training tool, but gave itself no way to recoup its investment. Army officers argue that the battle tactics in 

the game were outdated when they started using it [126]. Due to platform dependency and maintenance 

costs (due to bad design), the game was never used for military training and was placed on a shelf to 

gather dust.  

Developing and maintaining choreographies is very time and expertise consuming, hence the importance 

to take full advantage of the authoring efforts, particularly, in terms of reusability and portability. 
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2.5.3 Domains that can benefit from using choreographies 

Choreographies can be used in almost any application domain to represent activities and, especially to 

separate the logical (not virtual) content of the real world from the visual content (virtual) of VWs. To 

better understand how one can take advantage of its use, four application scenarios in completely different 

domains are present, such as maintenance procedures, military training, team sports tactics and children's 

stories. 

2.5.3.1 Maintenance procedures 

The Portuguese Air Force has F16 aircrafts on which a number of mechanical maintenance procedures 

occur, such as the installation of an engine inside the fuselage of the aircraft. This is a procedure that 

involves the availability of a team with various elements and specific, very expensive equipment, not 

always available and whose handling has some security risks. Capturing the maintenance procedures in the 

form of choreographies and the possibility of their replication in VWs is seen as a significant benefit as it 

allows simulating the practice of the real world in a virtual environment. 

Team members can perform their training in a virtual environment similar to the real one but without the 

same implications, i.e., they have the opportunity to participate in remote training without being subjected 

to safety hazards and with fully available equipment. 

The choreographies serve to verify if the actions performed by team members in the VW are in 

accordance with requirements. Further, concrete consequences of inadequate practices such as inadequate 

communication procedures between team members can be experienced, as can the issues of lack of 

visibility due to the engine itself obstructing the view between team members, and more. Additionally, 

based on the choreography’s information mechanisms could be implemented, so that virtual characters 

controlled by computer can replace absent team members [127]. This enables the implementation of a 

training session without the presence of all team members. 

2.5.3.2 Military training 

In the military field, the procedure After Action Review (AAR) is considered a fundamental part of the 

training, particularly regarding the collective training [128]. The AAR uses a review of experience to avoid 

recurrent mistakes and reproduce success [129], i.e. the performance of military units in exercise is 

analyzed in order to improve detected weaknesses [128], [130], [131]. The AAR has gained wide 

acceptance in particular when dealing with training in high-risk environments, where common human 

errors can produce unacceptable consequences [129]. 

This procedure could be enhanced with the use of VWs and even further with the use of choreographies. 

A VW provides multi-user support without physical risks, which could be used for soldiers develop their 

military exercise. During the execution of the exercise, the actions of the military could be captured and 

recorded in the form of choreographies. Subsequently, these choreographies could be played in the VW 
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and then be reviewed. Furthermore, if the choreography is recorded independently of the VWP, it can be 

reproduced in potentially any VW. 

Despite the AAR procedure being addressed here in a military training perspective, its application is not 

limited to this particular field, on the contrary, it can be extended to any other application domain. 

2.5.3.3 Team sports tactics 

Sports tactics have similarities with maintenance procedures since they describe sequences of actions that 

should be coordinated to achieve a well-defined goal. Normally, the coach explains to players how they 

should perform the intended actions through diagrams presented in paper, a board or a projector. While 

sometimes the coach demonstrates the sequence of actions, he/she can only demonstrate the role of a 

single player at a time, which can hamper the understanding of the players. Videos from actual players are 

used, but don’t always have the most adequate perspective, and often players are not executing the 

“perfect” conceptual tactic, i.e. often a player could reach a position slightly early or slightly late, may be 

facing the wrong direction, or introduce irrelevant motion complexities, such as wailing of arms[132], 

[133]. With sports tactics captured in choreographies, a coach can use a VW to stage them, showing 

players or trainee coaches the desired execution. The learners, immersed in the VW, can analyze the 

moves from different angles and even participate in the staging, playing the role of a team member. In 

addition, they can, from their homes, study the tactics through the VW and apply the acquired knowledge 

with all team members at the time of the physical world training. Thus, the choreography can make a 

contribution towards making training in physical environments more effective and more productive. 

2.5.3.4 Children´s stories  

Children's stories can be presented in many ways, such as by reading text, presenting and describing 

pictures, audios or videos. In these examples listed, children play a passive role, listening or watching the 

flow of the story. With the use of choreography, the story could be captured and reproduced within a 

VW, and children immersed in that virtual environment could have the experience of being inside the 

story in a different way than the usual. Furthermore, children could even play the role of one of the 

characters in the story and participate in its staging. Thus, children's stories could be transmitted in a more 

interactive, more engaging way and with the active participation of children. 

Moreover, in the field of children's stories, choreographies can be used to share, between different 

schools, the stories that the students developed, avoiding the need to travel to stage these stories. They 

can also allow the representation of ideas or situations imagined by the students to later be shown to their 

colleagues or to the teacher. The choreographies could then be staged using VWs with an environment 

enriched by the use of objects, virtual characters or aspects that are difficult or even impossible to 

reproduce in the real classroom scenario. For example, in the classroom, students can stage the story of 

Little Red Riding Hood (which occurs in a forest) and, to improve the surroundings of the scenario they 

can use a set of accessories and ornaments, which will always be restricted, taking into account the 
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limitations of the physical space of the classroom. Using VWs, the spot of the story is not limited by the 

physical space of the classroom, but instead they are able to virtually reproduce the appearance of any 

place, such as a forest or a city. This way, students could stage the story of the Little Red Riding Hood in 

any virtual place with high realism, either in a forest or a city. 

2.6 Application of choreographies to virtual environments 

In this section, systems combining choreographies with VWs are presented. Some of them are not 

considered true VWs according to the definition adopted in section 2.2 because they are intended for a 

single user only. Yet, because this thesis is particularly interested in the representation and use of 

choreographies, those systems were presented nevertheless. 

MASCARET (Multi-Agent System for Collaborative Adaptive and Realistic Environment for Training) 

[134] is a generic framework for the design of virtual environments, built using ARéVi library [135] for the 

simulation of autonomous entities and 3D rendering. Its application is intended to train teams involving 

collaborative work in a multi-agent environment. It aims to organize interactions between agents in the 

virtual environment, allowing specification of whether the agents can interact or not, how they can do it 

and what is expected they do according to their capabilities. It implements the concept of organization in 

order to structure the interactions between agents and the concept of role to represent the agent's 

responsibilities in the organization. It is based on the two complementary metamodels VEHA and 

HAVE 

Edward et al. [110] described a multi-agent training system called SEVESO, to support decision-making 

in the preparation and the management of maintenance interventions in high-risk industries. It allows a 

user and a group of agents to collaboratively perform training procedures, showing the user the 

consequences of the intervention. When the trainer gives the order to the agents, the agents compute a 

plan and then execute it. If the trainee intervention causes changes in the world state, in order to achieve 

the world state (i.e. the goals) the agents should carry out the existing plan or adapt it by creating a new 

one. Human activities related to risk prevention are represented using the descriptive language HAWAI-

DL and the multi-agent system MASVERP is used to model the behavior of virtual operators. SEVESO 

was implemented in a virtual environment built on the Virtools27 platform. 

GVT [136] (Generic Virtual Training) is a platform for training maintenance procedures of military 

equipment. Procedures are described by a set of actions with preconditions, effects and associated roles to 

introduce restrictions on the execution. This allows actions to be executed by any team member that plays 

the adequate roles. It has an action selection mechanism to allow a distribution of actions by the 

characters in the most convenient way according to certain criteria (priority, proximity, etc.). Two different 
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models are used to represent the knowledge domain, LORA and STORM28. Despite being a multi-agent 

system, it is intended for the training of a single human user where his teammates are virtual agents. GVT 

uses OpenMASK29 kit for virtual reality aspects. 

STEVE (Soar Training Expert for Virtual Environments) [138], [139] falls within the category of 

intelligent tutors. This system has an autonomous agent (STEVE) that lives in the VW and interacts with 

the human user assisting him in teaching and learning procedures, or may even replace him in performing 

the tasks. It was designed to demonstrate and explain procedures, answer questions and provide 

justifications. Tasks are represented by a programming language called SOAR [118]. Actions might be 

encoded as STRIPS operators and a standard partial-order planner to construct plans are used. Their 

sequencing is established by defining causal relationships that serve as preconditions for the next actions, 

restricting the order in which they should be performed. A plan to complete the current task is always 

maintained, which is revised to reflect changes when unexpected events occur. A collaborative version of 

STEVE was also developed to allow multiple users, each with its own role. In this case the tasks are 

mapped to the roles that each user can perform. STEVE uses the VIVIDS simulation engine to 

implement the virtual environment. 

2.6.1 Extensions to model training procedures 

In this section, models are described and, despite representing training procedures, they have a very 

specific application. They are intended to train a single user and be applied to a particular type of platform 

(browsers). 

Belloc [140] extended the expressiveness of X3D30, adding some nodes to be able to represent training 

procedures. The goal is to represent and simulate training procedures in a 3D virtual environment using 

any Web browser capable of supporting WebGL technology without the need to install any additional 

features. The X3DOM [141] framework was used to implement the nodes and integrate 3D graphics with 

objects of common Web interfaces. Three levels of nodes were added to express relationships and 

dependencies between geometric entities. The nodes of the first and second level describe the interactive 

objects in the scene and the actions associated with them. The third level nodes define the training 

procedure. It allows specifying whether a particular action can be performed at a given time within the 

procedure by providing a list of actions that will be available in the next step or the previous step, thus 

providing the user with the list of actions available at any particular step. The evaluation of the user-

selected action is performed using Petri nets. 

                                                      
28

 STORM is a model to describe the behavior of 3D objects and interactions between these objects [137] 
29

 http://www.irisa.fr/immersia/openmask/ 
30

 X3D is a file format and run-time architecture to represent and communicate 3D scenes and objects using 

XML. It has set of componentized features that can be tailored for use in training and simulation, multimedia, 

entertainment, education, and more (http://www.web3d.org/x3d). 
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iVT [142] (immersive Virtual Training) is a system for the manufacturing and maintenance contexts based 

on VR hardware and Web3D (VRML/X3D) technologies. It used iVRML (an extension of VRML) to add 

features that allow raising the ability of immersive virtual environments and providing a more friendly 

navigation mode to the user. Generally, specific input hardware is used as gloves and sensors. The system 

has a strong dependence on the implementation platform since the information encoding refers to a 

particular platform and uses a specific language (i.e. javascript). When the system suggests the correct 

action to perform (via textual description and optionally via audio), the user moves the hand with the 

glove to perform the task. This approach is very similar to Belloc (X3D) but, since it was developed in 

C++, it is less available to the web as it requires the installation of specific software. The system is 

intended to be used by a single user. 

2.6.2 Systems that facilitate adaptation of a choreography to multiple virtual worlds 

This section describes systems that use choreographies and try to facilitate its staging in different virtual 

worlds. These systems attempt to separate the representation of the choreography from its staging, and 

create a mechanism to adapt the choreography to the desired virtual world. 

Because normally the creation of a choreography foresees its staging in a specific VW, the application and 

planning of concepts is tailored to this VW too. In most cases, these systems use separate models to 

represent the procedures and the description of the scene, which makes its application to different 

platforms a difficult task. Sharing the content produced in order to be used in different VWs has not been 

subject to substantial research. 

The MIMESIS system [143] presents an architecture that tries to bridge the gap between game engine 

design and development by representing the actions in a dual form: a procedural representation for game 

engines and a declarative one for AI systems. MIMESIS follows the STRIPS language approach to express 

the planning of actions, states of the world and goals. These two separate representations are still relatively 

linked because they address the same information structure, and their alignment is established by a 

mapping mechanism that uses a lookup table that establishes correspondences between words.  

The ZOCALO system [144], [145], inspired by MIMESIS, replaces the Unreal Tournament game engine 

by implementing a customized version of the client application to control the virtual environment at low 

level. The high-level reasoning about the structure of actions is done remotely and accessed via Web 

services. Actions are described by a declarative representation in the style of STRIPS language and stored 

in a library. The Web services based on the library of actions create a plan and send it to the client that 

translates it to the virtual platform’s specific functions. The plan contains the set of actions that must be 

performed and the involved constraints are their preconditions.  

BOWYER [146] links the declarative representation of a domain to the procedural representation of VWs 

through code generation techniques. It is based on three phases (1) the definition of domain actions with 

preconditions and effects using the style of STRIPS planning language, (2) a 1 to 1 mapping of actions, 
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preconditions and effects to a procedural format, and (3) the conversion of procedural representation to 

the VW specific source code, via a particular XSLT file.  

Pinheiro et al. [147] developed a prototype of a mechanical maintenance training simulator in 

OpenSimulator for F-16 aircraft engines aiming to separate the simulation-rendering component of the 

VWP from the decision-making/control component. The control component was implemented as an 

autonomous system and is available to the OpenSimulator platform as a web service. All interactions 

occurring in the 3D environment are sent to the web service that decides the system reaction, and 

responds with commands specifying the intended behavior of the simulation. The decision-making 

component was implemented in the form of a hierarchical state machine. 

2.6.3 Characterization of the systems 

Following the analysis of the systems mentioned in section 2.6.2, a comparison of the characteristics of 

each is presented according to various perspectives. The dimensions chosen for this comparison are aimed 

at obtaining an overview of the capabilities that the systems have in terms of: 

 scope of its application; 

 quantity and type of allowed users; 

 how information (with regard to used models) is represented; 

 ability to perform planning of actions; 

 level of abstraction of the models. 

2.6.3.1 Execution range 

Some of the systems described have been developed in order to implement its proof of concept in a 

specific virtual platform. With this assumption at the outset, it seems obvious that the modeling of 

contents is somehow biased, since the representation is focused on a specific VW with a significant 

probability that some of their particular characteristics and functionalities are incorporated. Although the 

information of the contents could be applied to other VWPs, there is no explicit statement of that 

intention nor the manner of how to proceed to enable this option. GVT, STEVE and MASCARET are 

systems destined to run on a single platform. Other systems make use of technologies that are intended to 

be implemented in browsers, thus enabling a wider possibility of execution. In this category, the systems 

X3D nodes and iVT are considered. Although independent of the VW technology, SEVESO and F16 

simulator represent the KB on a single application domain, i.e. they use a particular vocabulary. This fact 

represents a limitation of usage on different platforms that have a distinct vocabulary. 

On the other hand, some of the identified systems were developed in order to facilitate the 

implementation of its content in different virtual platforms or with very similar features. In these cases, we 

may include the MIMESIS, ZOCALO and BOWYER. But the fact that they use a double representation 
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for actions can put some constraints to implementation, particularly on virtual platforms with very 

different characteristics and features. 

2.6.3.2 Multiuser support 

Although some systems were developed using a multiagent approach, they are here considered as mono 

user platform because they are used to train a single human person at a time. I.e. the concept of agent is 

used to model internal virtual autonomous agents and not real users. The systems that provide a training 

environment for a single human user are SEVESO, X3D nodes, iVT, MIMESIS, ZOCALO and 

BOWYER. Those with the possibility of multi-use are MASCARET, GVT, STEVE and F16 simulator. 

2.6.3.3 Support to human and virtual users 

The systems can be separated into three categories regarding the characters that inhabit the virtual 

environment: 

(i) The systems that deal with individual training and, therefore, the user in training will be the 

only existing player. This category includes X3D nodes, iVT, MIMESIS, ZOCALO, BOWYER 

and F16 simulator; 

(ii) The systems for team training but for individual use. In this case, the training exercise 

incorporates many characters simultaneously, but a human user controls only one, while the 

remaining are autonomous characters controlled by the computer. MASCARET and 

SEVESO are examples of such systems; 

(iii) The systems that enable the execution of training procedures in which the virtual users can 

arbitrarily replace the human user. This is the case of GVT and STEVE. 

2.6.3.4 The use of roles in choreographies 

In a training procedure, the actions are intended to be performed by the actors. If there is a direct 

relationship (an association) between an action and an actor it means that this actor is responsible for 

always performing this action. In fact, this situation may be desired, but it may also be desirable for an 

action to be performed by several but not all actors. One way to meet this requirement is to mediate the 

relationship between actor and action by introducing the concept of role. It is then possible to associate 

actions to roles, thus only the actors that play these roles can perform their respective associated actions.  

Systems that do not address the representation of roles are: X3D roles, iVT, MIMESIS, ZOCALO and 

BOWYER. The representation of roles can be found in MASCARET, SEVESO, STEVE, F16 simulator 

and GVT. GVT is the only system that allows players to change their role according to their performance 

during a training session.  
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2.6.3.5 Planning ability 

A training session can follow the strategy to plan the actions to be performed in order to achieve the 

desired goals in the best way. MASCARET, X3D nodes, iVT and F16 simulator do not perform any kind of 

action planning. However, BOWYER uses an initial planning to set a plan of actions to follow. The 

remaining systems follow an approach that uses replanning the current plan to correct whenever 

necessary. In the latter case fits SEVESO, GVT, STEVE, MIMESIS and ZOCALO. 

2.6.3.6 Models to represent choreographies 

Because the domain knowledge’s representation depends on the goals of each system, the information 

modelling may be done in different ways using one or several separate models. Systems that use multiple 

representation models are: GVT which uses STORM and LORA models; MIMESIS, ZOCALO and 

BOWYER describe the actions in a double form using different models; MASCARET uses VEHA and 

HAVE models; SEVESO uses HAWAI-DL and MASVERP models. 

Systems that only use a single representation model are: STEVE using the SOAR model; X3D nodes using 

an extension of the X3D model; iVT that uses the iVRML extension, and F16 Simulator.  

2.6.3.7 Modeling ability 

This characteristic intends to classify the conceptual level of the models used by each system, 

differentiating them by their level of abstraction. The models that aim to support only a specific problem 

and/or using descriptive textual languages are classified as having a limited degree of abstraction. This 

approach is found in the SEVESO, STEVE, GVT, X3D nodes, iVT and F16 simulator.  

Because UML is a general-purpose modeling language, the MASCARET system is classified here as 

having a general-purpose abstraction even considering that it uses an extension of the UML.  

2.6.3.8 Overview 

The characterization of the various systems presented above is systematized in Table 2. 

Figure 7 depicts the positioning of the described systems according to three dimensions: 

(i) Casting - the choreography is intended to be used in a training session by (1) one human user 

only, (2) one human user with virtual users simultaneously or (3) a combination of human 

users and virtual actors; 

(ii) Platform – the choreography is able to be performed in (1) one platform (or with similarly 

characteristics) or (2) multiple platforms; 

(iii) Modelling – the choreography is represented using a model with (1) limited abstraction or a 

(2) general-purpose model. 
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Figure 7 - The positioning of systems according to casting, platform and modelling dimensions 

Table 2 - characterization of the systems reviewed 
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Execution in VE 

0-mono;  
1-homogeneous; 
2-heterogeneous 

0 0 0 0 1 1 1 1 2 1 

Human Users 

0-mono;  
1-multiusers; 

1 0 1 1 0 0 0 0 0 1 

Real/Virtual actors 

0-only real;  
1-real + virtual; 
2- virtual may replace real 

1 1 2 2 0 0 0 0 0 0 

Definition of Roles 

0-no roles;  
1-allow roles; 
2-actors may modify roles 

1 1 2 1 0 0 0 0 0 1 

Planning ability 

0-no planning;  
1-planning; 
2-replanning 

0 2 2 2 0 0 2 2 1 0 

Representation models 

1-only one;  
2-several; 

2 2 2 1 1 1 2 2 2 1 

Modeling abstraction 

0-limited;  
1-general-purpose; 

1 0 0 0 0 0 0 0 0 0 
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2.7 Problems in the use of choreographies in virtual worlds 

After analysing various virtual environments systems that use choreographies (cf. section 2.6), it was 

found that there is a common problem to all: the difficulty to develop choreographies for different VWPs.  

The terminological difference between the involved experts (choreographers and specialists of VWs) from 

various fields represents a semantic gap hindering a common understanding of the same knowledge.  

The multiplicity of VWs with different characteristics contributes to the development of a choreography 

in a perspective of being applied to a particular VW, neglecting the concerns of representing it 

independent of the platform. However, a choreography staging involves a specialized encoding, which 

includes low-level characteristics of the VWP such as, functionalities to reproduce animation or 

movement of objects and avatars. Thus, a choreography tends to include in their representation, features 

related to staging, i.e., it incorporates strong dependencies to the staging platform, creating serious 

difficulties to its application on different platforms. In this context, to apply a choreography to different 

VWs, a particular encoding for each VW is needed, resulting in increased knowledge, competencies, 

efforts, time, processes and resources. 

Due to the strong dependencies between the representation and the staging, additional difficulties arise to 

address the evolution of the choreography, the VWs or both. Therefore, changing a choreography 

involves adapting its staging in all VWPs too. Similarly, the evolution of a VWP can incorporate 

modifications that change the way the staging is executed, requiring the adaptation of the choreography. 

The problems that arise from the application of choreography to multiple VWPs can be systematized in 

three dimensions: (1) Semantic gap, (2) heterogeneous VWPs and (3) evolution of systems and 

choreographies, as described next and depicted in Figure 8. 

 

Figure 8 – Problems in the use of choreographies in VWPs 

Semantic Gap refers to: 

 Different understanding about the same kind of knowledge between domains specialists; 
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 Different vocabularies used for the same concept/meaning; 

 Same vocabulary for different concepts/meanings; 

Heterogeneous VWPs refer to: 

 Different user-interfaces; 

 Different available actions; 

 Different API languages; 

Evolution of Systems and choreographies refers to: 

 Changes in choreographies; 

 Changes in VWs; 

 Changes in choreographies and VWs. 

In addition, although there are several models to represent choreographies in various areas, a satisfactory 

generic model able to represent the generality of application domains is still a research issue. Moreover, in 

the context of multi-user VWs, it is essential that a choreography is able to represent the behavior of 

multiple users, a feature not available in some of the most used models. 

To represent choreographies some approaches provide (or facilitate) support to several dimensions, such 

as multi-user, multi-domain or multiplatform (Figure 7). However, the simultaneously combination of 

these three dimensions, is an innovative problem not addressed yet, representing an open line of research 

that is worthy of being explored. 

2.8 Summary 

In the educational context, a great variety of technological artifacts can be used to facilitate the 

implementation of learning/teaching strategies or enriching the educational content in any of the various 

types of education. Depending on the purpose of use, some technologies have wider applications, such as 

image and video, while others are applied in more specific situations, such as videoconferencing or chat. 

VWs are a technological artifact that can serve and enhance learning/teaching in any of its aspects. Their 

features enable the elimination of classroom walls, i.e., provide teaching moments (synchronous or 

asynchronous) to geographically dispersed students and teachers by means of a multiuser and immersive 

virtual environment. Educational content can be further enhanced through the use of choreographies 

which represent the actions of a group of characters. A choreography can be used in different contexts: (i) 

be a reference to check whether the behavior of the characters immersed in the VW is identical to that 

defined in the choreography, (ii) be staged in VWs, where the sequence of its actions are reproduced and, 

(iii) capture the behavior of VW users. 
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Yet, applying a choreography to multiple VWs is not an easy task due to dependencies introduced in its 

representation in relation to the platform where it will be staged. The reason for these dependencies stems 

from the differences in terminology, features, functionalities, execution engines and programming 

languages / API of the different VWPs. 
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Chapter 3 

 

BACKGROUND KNOWLEDGE 

This chapter presents the fundamentals of the representation model and method which served as 

inspiration and basis for the proposal presented in this thesis (Chapter 4): Ontologies and Model-Driven 

Engineering.  

3.1 Fundamentals of ontologies 

Ontology is an explicit specification of a shared conceptualization [148] aiming at capturing intrinsic 

conceptual structure and semantics of a domain. It provides a commonly agreed understanding of that 

domain, which may be reused and shared across applications and groups [149]. 

Several key features/capabilities are commonly credited to ontologies supporting this statement [150]. 

Ontologies are able to: 

 share common understanding of the information structure among people or software agents; 

 enable reuse of domain knowledge; 

 make domain assumptions explicit; 

 separate domain knowledge from operational knowledge. 
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In particular, we are interested in Description Logics (DL) ontologies. DL [151] are a family of knowledge 

representation languages that can be used to represent knowledge of an application domain in a structured 

and formally well-understood way. Description logics contain the formal logic-based semantics, which 

present one of the major reasons for its choice. The Attributive Language (𝒜ℒ) was introduced in 1991 as 

a minimal DL language that is of practical interest [152]. It is further extended through Attributive 

Language with Complements (𝒜ℒ𝒞) to be able to represent concepts based on the complement of other 

concepts (negation). Further constructs were later added to increase expressiviness, at the expenses of 

complexity and sometimes of decidability of the algorithm that computes standard inferences. DL 

language can represent several levels of expressiveness that are described by an obtained label from the 

concatenation of the name of the basic DL representation and names of the involved extensions. The 

letters related to the basic DL representation and some of the extensions considered as the most relevant 

are the following [153]: 

 𝑆 : is the basic DL (𝒜ℒ𝒞) with transitive roles;  

 𝐻 : for role hierarchy (sub concepts, sub properties); 

 𝑂 : for nominals, i.e., individual names (e.g., {Portugal});  

 𝐼 : for inverse roles; 

 𝑁 : for cardinality restrictions (e.g., ≤ 2,  ≥ 3)  

 𝐷 : for use of datatype properties, data values or data types (e.g., real, integer, string) 

For example: 𝑆𝐻𝑂𝐼𝑁(𝐷) is an 𝒜ℒ𝒞 description logic with role hierarchies, nominals, inverse roles, and 

number restrictions. 

In this context we are interested in decidable languages only, i.e., languages that are able to support the 

maximum expressiveness without losing computational completeness and decidability [154], [155]. Indeed, 

the combination of what’s been previously defined may give rise to undecidable languages, which 

therefore are not DL languages. 

The Web Ontology Language (OWL) is a knowledge representation language standardized by the World 

Wide Web Consortium (W3C31). It is one of the most important applications of description logics today 

[156]. Some of the most important influences on the design of OWL came via its predecessor languages 

DAML+OIL32 and RDF33 [157]. OWL provides three increasingly expressive sublanguages [158]: OWL 

Lite, OWL-DL and OWL Full34. 

                                                      
31

 http://www.w3.org/ 
32

 http://www.w3.org/TR/daml+oil-reference 
33

 http://www.w3.org/RDF/ 
34

 OWL Full is undecidable and therefore is not a Description Logic language. 
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The OWL language, especially its sublanguage OWL-DL provides support for the existing Description 

Logic segments with 𝑆𝐻𝑂𝐼𝑁(𝐷) expressiveness. It contains formal semantics that allow reasoning 

engines ensure that all the entailments will be computed in a finite time [159]–[161]. 

A DL ontology is an artifact composed by a set of concepts (also called classes) and relations (aka 

properties or roles) often organized in two distinct taxonomies, and interrelated through relations and 

constraints. In this context an ontology is formally defined as a structure in the form: 

𝒪 ≔ (𝒞, ≤𝒞 , ℛ, 𝜎, ≤ℛ ) where 𝒞 is the set of concepts identifiers that are organized in the hierarchy of 

concepts (also called the taxonomy of concepts) defined by ≤𝒞⊆ 𝒞 × 𝒞. ℛ is the set of relations 

identifiers organized in a hierarchy of relations (also called taxonomy of relations) defined by ≤ℛ⊆ ℛ ×

ℛ. The two set of identifiers, 𝒞 and ℛ are disjoint. The relation between concepts (𝒞) is defined by the 

relation (ℛ) and is represented by the function 𝜎: ℛ → 𝒞 × 𝒞. 

A knowledge base is an information repository composed by one or more ontologies, the individuals (i.e. 

instances) of the classes and their relationships. A knowledge base is a structure in the form of: 𝐾𝐵 ≔

(𝑇𝐵𝑜𝑥, 𝐴𝐵𝑜𝑥). 𝑇𝐵𝑜𝑥 is the terminological component, i.e., it describes the conceptual representation of 

the ontology using a controlled vocabulary by declaring the set of classes, properties, and relations 

between these classes. 𝐴𝐵𝑜𝑥 is the assertion component, and it describes facts associated with 

terminological vocabulary commonly known as instances of domain. It can also describe relations between 

the instances themselves and between instances and classes. So, 𝑇𝐵𝑜𝑥 is an ontology 𝒪 as referred above, 

and 𝐴𝐵𝑜𝑥 is a structure in the form: 𝐴𝐵𝑜𝑥 ≔ (𝐼, 𝑖𝑛𝑠𝑡𝒞, 𝑖𝑛𝑠𝑡ℛ) such that 𝐼 is the set of elements called 

individuals, 𝑖𝑛𝑠𝑡𝒞 is the function that associates the ontology classes with a set of individuals represented 

by 𝑖𝑛𝑠𝑡𝒞: 𝒞 → 2𝐼, and 𝑖𝑛𝑠𝑡ℛ is the relation that associates pairs of instances through ontology relations 

represented by the function 𝑖𝑛𝑠𝑡ℛ: ℛ → 2𝐼 × 2𝐼. 

A knowledge representation system based on DL is able to perform specific kinds of reasoning [162]. The 

reasoning is performed through the terminological level (𝑇𝐵𝑜𝑥) and the assertional level (𝐴𝐵𝑜𝑥). Four 

main reasoning processes are emphasized: 

 Consistency checking: An 𝐴𝐵𝑜𝑥 𝐴 is consistent with respect to a 𝑇𝐵𝑜𝑥 𝒯 if there exists a 

model ℐ of 𝐴 and 𝒯. For example, the set of assertions {Mother (Mary), Father (Mary)} is 

consistent respecting the empty 𝑇𝐵𝑜𝑥, since there are no restrictions on the interpretation of 

Father and Mother concepts for them to have common individuals. However, this is no longer 

true when interpreting the Mother and Father concepts as disjoint.  

 Instance Checking: Check by inference if an assertion 𝒞(𝑎) is true for every model ℐ of an 

𝐴𝐵𝑜𝑥 𝐴 and a 𝒯. 
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 Role Verification: Check by inference if an assertion ℛ(𝑎, 𝑏) is true for every model ℐ of a 

𝐴𝐵𝑜𝑥 𝐴 and a  𝒯. 

 Retrieval problem: For an  𝐴, a concept 𝐶 and a 𝑇𝐵𝑜𝑥 𝒯, inferring individuals 𝑎1
ℐ … 𝑎𝑛

ℐ  ∈ 𝐶ℐ 

for every model ℐ of 𝒯. 

Various others ontology-related processes provide the technological framework respecting the 

transformational aspect, in particular: 

 the ontology matching process that establishes correspondences between different ontologies 

[163]; 

 the ontology transformation process that generates a new ontology from a set of original 

ontologies and the correspondences between them [164], [165]; 

 the ontology-based data transformation that, according to the resulting mapping from the 

ontology matching process, transforms instances of a KB described according to an ontology, 

into instances of another KB described according to another ontology [166]. 

3.1.1 Ontology matching 

Ontology Matching is seen as the process of discovering (semi-) automatically the correspondences 

between semantically related entities of two different but overlapping ontologies. Thus, as stated in [163], 

the matching process is formally defined as a function 𝑓: (𝒪1, 𝒪2, 𝑝, 𝑟𝑒𝑠, 𝒜) → 𝒜′ which, from a pair of 

ontologies to match 𝒪1 and 𝒪2, a set of parameters 𝑝, a set of oracles and resources 𝑟𝑒𝑠 and an input 

alignment 𝒜, it returns an alignment 𝒜′ between the matched ontologies. Ontologies 𝒪1 and 𝒪2 are 

often denominated as source and target ontologies respectively. An alignment is a set of correspondences 

expressed according to: 

 Two entity languages 𝒬𝐿1
 and 𝒬𝐿2 associated with the ontologies languages ℒ1 and ℒ2 of the 

matching ontologies (respectively) defining the matchable entities (e.g. classes, object 

properties, data properties, individuals); 

 A set of relations ℛ that is used to express the relation held between the entities (e.g. 

equivalence, subsumption, disjoint, concatenation, split);  

 A confidence structure 𝜑 that is used to assign a degree of confidence in a correspondence. It 

has a greatest element ⊤ and a smallest element ⊥. The most common structure is the real 

numbers in the interval [0, 1], where 0 represents the lowest confidence and 1 represents the 

highest confidence. 
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Hence, a correspondence (or a match) is a 4-tuple 𝑐 ≔ (𝑒, 𝑒′, 𝑟, 𝑛) where 𝑒 ∈ 𝒬𝐿1
(𝒪1) and 𝑒′ ∈ 𝒬𝐿2

(𝒪2) 

are the entities between which a relation 𝑟 ∈ ℛ is asserted and 𝑛 ∈ 𝜑 is the degree of confidence in the 

correspondence. 

Over recent years, research initiatives in ontology matching have developed many systems (cf. [167]) that 

rely on the combination of several basic algorithms (based on a single matching criterion [168]) yielding 

different and complementary competencies, in order to achieve better results. These algorithms can be 

multiply classified as proposed in [163], [169], [170] (e.g. terminological, structural, semantic). Yet, systems 

make use of a variety of functions such as: 

 Aggregation functions whose purpose is to aggregate two or more sets of correspondences 

into a single one (e.g. min, max, linear average); 

 Alignment Extraction functions whose purpose is to select those that will be part of the 

resulting alignment from a set of correspondences. The selection method may rely on the 

simplest methods such as the ones based on threshold-values (summarized in [163]) or more 

complex methods based on, for example, local and global optimizations (e.g. [171], [172]). 

The selection of the most suitable algorithms/system is still an open issue as they should not be chosen 

exclusively with respect to the given data but also adapted to the problem that is to be solved [163]. 

However, this question has already been dealt with in [173]–[175].  

3.1.2 Ontology transformation 

Ontology transformation is a (semi-) automatic process that builds a new ontology from one or more 

ontologies. The aim of this process is to obtain an ontology based on the combination of existing 

knowledge in other ontologies. There are two sub-types of ontology transformation: ontology integration 

and ontology merging [176]. 

3.1.2.1 Ontology integration 

Ontology integration is the process of building a new ontology by reusing existing ones. In this case, 

existing ontologies represent one of the component parts of the new ontology. In some cases, an ontology 

may be completely built only by assembling other ontologies and reusing them directly (like assembling 

Lego pieces). In other cases, reusing is not as simple and straightforward, thus being necessary to extend, 

specialize or adapt existing ontologies. 

3.1.2.2 Ontology merging 

Ontology merging is the process of combining different ontologies of the same subject in a single 

ontology that unifies all others. It is meant to create an ontology that represents the unification of 

knowledge, such as concepts, properties, restrictions, etc. on the same subject by gathering semantic 

information from several existing ontologies. This knowledge unification involves the definition of an 
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alignment between the ontologies to be merged. Thus, merging ontologies is usually a semi-automatic 

process, as the alignment has to be provided first, often requiring human intervention in order to solve 

conflicts and choose a merging strategy. However, the process can be fully automatized if an adequate 

alignment is provided [177]. 

3.1.3 Ontology-based data transformation 

Ontology-based data transformation or ontology mapping is the process that relates semantically two 

ontologies at conceptual level and transforms the source ontology instances into target ontology instances 

according to those semantic relations [178]. The semantic relations define how data specified according to 

a source ontology may be transformed into data specified according to a target ontology [166]. They 

specify the procedures required to transform source ontology instances and the conditions that must hold 

to perform such transformations. 

3.2 Fundamentals of Model-Driven Engineering 

Model-Driven Engineering (MDE) is an initiative from the software engineering community aiming to 

raise the level of abstraction in a software development process and to improve productivity [179]. The 

key notions of MDE paradigm are models and model transformations. A model is a description or 

representation of system [180]. The goal is to get a progressive view of the system with different levels of 

abstraction and concern in which the various models are obtained from the transformation of its higher 

abstraction model. Thus, a high level conceptual model is progressively transformed into a less abstract 

model until the model with low-level features of the target platform is generated [181], i.e. the final 

software or product. 

The best-known MDE initiative is the Object Management Group (OMG) called Model-Driven 

Architecture (MDA). MDA is a software design approach for the development of software systems. MDA 

attempts to deal with change by separating and relating platform-independent models and platform-

specific models using transformation techniques [180]. MDA suggests three models: 

 a computationally independent model (CIM) representing a conceptual perspective, i.e., a 

generic and open model independent of any domain, operation and platform implementation; 

 a platform independent model (PIM) representing a computational specification perspective 

that does not include any technology-specific characteristics of the implementation platforms; 

 a platform specific model (PSM) representing the perspective of design specification, which 

should be the model to be applied in the implementation platform, thus accounting for the 

technical characteristics of multiple platforms. 

Transformation techniques convert CIM to PIM and PIM to PSM (Figure 9). By keeping these models 

separated but related, one can work with the model from the perspective that is most conducive to the 
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understanding, developing and deployment of the system [180]. Further, due to transformation 

techniques, the evolutionary aspect is dealt (semi-) automatically, thus reducing efforts and time. 

 

Figure 9 – Conceptual representation of MDA 

3.3 Summary 

Ontologies are one of the best ways for knowledge representation in this thesis context as they are able to 

represent an explicit specification of a shared conceptualization, providing a commonly agreed 

understanding of that domain, which may be reused and shared across computational applications and 

human stakeholders. 

DL ontologies allow performing specific kind of reasoning, such as consistency checking, instance 

checking, role verification and individuals inferring. Other processes related to ontology transformation 

aspects can be applied, such as ontology matching, ontology-based data transformation, ontology 

transformation, ontology integration and ontology merging. 

OWL is one of the most relevant ontology representation languages used today, being able to represent 

ontologies with different levels of expressiveness. 

MDE is a software design paradigm for the development of software systems based on models and model 

transformations. Its best-known instantiation is MDA, which attempts to separate and relate platform-

independent models with platform-dependent models using transformation techniques. The models 

proposed by MDA are PIM, CIM and PSM. Its features and abilities address the problems and 

requirements identified in previous sections. 

The ideas and technologies described in this section are the foundations of the proposed approach 

described henceforth. 
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Chapter 4 

 

ONTOLOGY-BASED REPRESENTATION 

OF A CHOREOGRAPHY AND ITS STAGING 

IN VIRTUAL WORLDS 

This chapter presents a proposal that aims to represent, adapt and stage choreographies of multiple 

domains in multiple VWPs. It presents and describes the system’s architecture and how the supporting 

technologies contribute to the solution. 

4.1 The Proposal approach 

The developed research work aims to provide a contribution to facilitate the representation of a 

choreography and its staging in different VWPs. As described in Section 2.7, there are several problems 

that must be solved to achieve this goal, particularly, the semantic gap, the heterogeneity of VWPs and the 

evolution of choreography and systems. Through the years the combination of these problems has led to 

a representation of choreographies tight coupled to the staging platform. 

This tight coupling problem is due to the fact that there isn't an effective separation of its purpose in 

terms of representation and staging. 
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Instead: 

 The representation of a choreography should focus on capturing conceptual aspects, general 

enough so that the description of the procedure can be perceived by common sense, i.e., the 

choreography must be understood and its interpretation shared by a wider community. 

 For staging, the choreography should be adapted to the stage in which it will be staged (VWP). 

Since VWPs are not homogeneous (cf. section 2.4), the transformation of the choreography 

has to be done according to each destination stage (VWP) for an adequate deployment. 

To overcome the problems identified in section 2.7, the following solution is proposed: 

 Using ontologies to represent the choreography. Each domain knowledge interprets the 

choreography in its own way without worrying about the interpretation of other fields of 

knowledge; 

 Using the MDE paradigm approach for the development and adaptation of choreographies. 

MDE is based on the use of models which are successively transformed in other models until 

the intended model is reached. In this context, the choreography is represented by a model 

(ontology) that will be transformed into another model (ontology) with the necessary 

adaptations for a specific VWP, according to a set of established mappings between models 

(ontologies). 

By creating mappings, which align concepts and properties with the same semantics, between different 

ontologies, the semantic gap problem is solved. 

Each VWP must have its own stage model (for staging), which must be aligned in a personalized fashion 

with the generic choreography model (for representing the choreographies). In this way all VWPs have 

their own correspondences with the representation of the choreography, thus the problem of 

heterogeneity of VWPs is resolved. 

Whenever changes occur in the choreography and/or in VWPs, it may be necessary to correct the 

alignments between the representation model and the staging models of VWPs. However, by using the 

MDE approach, model transformation is completely automatic, i.e., any change in the representation or 

staging models is automatically transformed without additional effort. Thus the problem of evolution of 

choreographies, VWPs systems or both is solved. 

In this thesis, a choreography defines a set of actions that can be performed by a set of characters, 

according to a more or less flexible planning. Depending on the choreographer's creativity and intention, 

planning can follow a more rigid structure in which the actions are assigned to characters with well-

defined roles or a more permissive structure by granting autonomy to characters, providing them the 

selection of actions of the choreography. A more permissive planning was adopted, in which some 

autonomy to the characters is granted. In this type of planning, the emphasis is placed on the objective to 
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be achieved, i.e., the desired final state. In this context, the sequence of actions can be defined dynamically 

evolving in accordance with the current state of the world and also the choreography. To this end, the 

introduction of restrictions is proposed as not to limit the execution of actions to a particular character 

but to constrain their execution via specific roles that the characters can play. Therefore, a choreography 

must be able to represent: (1) the goals to be achieved by specifying the set of states of the world that, 

once reached, indicate the end of the choreography, and (2) the actions and their sequencing, based on the 

states of the world. The choreographer must specify, for every action, the states of the world that are 

necessary for its execution (preconditions) as well as the states that are affected by its execution (post-

conditions). 

4.2 Conceptual architecture 

To deal with the different characteristics of distinct VWPs it is argued that the representation of the 

choreographies must be clearly separated from its implementation in any VWP, to allow the best possible 

independence from the technical characteristics of VWPs. 

In order to meet this goal, a conceptual architecture based on three main components is proposed - 

Representation, Mapping and Staging - as depicted in Figure 10. 

 

Figure 10 - Conceptual representation of the proposed architecture 

4.2.1 Representation  

Representation is the component that includes: 

(i) artifacts to represent/capture generic models of a choreography; 

(ii) an authoring process. 

From a more abstract data model, the authoring process gives rise to a canonical representation of the 

choreography that will serve as a reference for the various VWPs. In this common data model, the 
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conceptual information found to be necessary and sufficient will be captured, particularly the concepts, 

properties and relations relating to generic information, without any dependency to an application domain. 

Thus, the common data model is seen as representing a choreography in a generic way without the use of 

concrete particularities of VWPs. 

The common data model should aim for a degree of flexibility that allows its use in distinct environments 

with different levels of representation and detail. 

4.2.2 Mapping  

Mapping is the component that: 

(i) establishes relations of correspondences between the common data model (independent of 

VWPs) and the specific data model of each VWP (dependent on the VWP), that is, it 

contains the semantic correspondences between entities of the two data models. 

(ii) transforms the common data model information into the language of the VWP data model in 

question. 

It may be necessary to define a mapping between the common/canonical choreography model and the 

VWP model, since each VWP has its special features, i.e. may have different characteristics, features and 

vocabulary. 

4.2.3 Staging 

For each VWP, there should be a component with the ability to interpret the low level language of the 

choreography and control their execution within the VWP. This component is referred to as the Stage 

Manager because it is responsible for managing inside the VWP events considered relevant during the 

staging of the choreography. It has the task of interpreting the actions triggered by the actors and react to 

the choreography accordingly. 

This is a component dependent on the VWP because it needs access to the platform's internal engine to 

monitor the state of the world and its inhabitants. Each VWP has a private representation of information 

accessible through VWPs’ specific APIs. Thus, it may be necessary to develop a component that manages 

the staging in each distinct VWP. It acts as an intermediary, establishing a bridge between the VWP’s 

choreography’s specific data model (the definition of choreography including the specificities of the VWP) 

and the inside of the VWP where the choreography is staged. 

4.3 Choreography model based on ontologies 

To use the same information in different environments, it’s necessary to reach a common understanding 

about it. This happens when participants of the various involved fields of knowledge agree and share the 



Ontology-based representation, transformation, maintainability and staging of multiuser and multi-domain 

choreographies in multiple Virtual Worlds 

55 

meaning of concepts. In this sense, a model based on ontologies was adopted to represent choreographies 

for the following main reasons: 

 ontologies are explicit specifications of shared conceptualizations. An ontology is a 

representative model of our thoughts regarding a particular problem, and its concepts 

represent the consensus of the generality of this domain’s community; 

 ontologies are possibly the best way to represent conceptual information in order to bring the 

intelligent systems closer to the human conceptual level [16]. They can be used to specify a 

model where information represents a domain of human conceptual knowledge and can also 

be processed by machines; 

 ontologies allow different ways of describing classes. One can define the class’s necessary 

conditions, i.e., conditions that are met by any instance of this class, and the necessary and 

sufficient conditions, i.e., conditions that, once fulfilled, determine that any individual is an 

instance of this class (cf. example of section 5.3); 

 ontologies provide additional constructs like transitive closure for properties or represent 

disjoint classes; 

 ontologies enable automated reasoning, namely the dynamic classification of instances based 

upon class descriptions and automatic consistency checking when operated with a reasoner 

(cf. example of section 5.3). 

4.4 Model-driven generation of choreographies 

Developing the same choreography for different VWPs with distinct characteristics and functionalities is a 

knowledge-demanding and time-consuming task. Furthermore, once the choreography is authored, 

changes are often necessary and similar specification efforts are repeated for all VWPs. 

However, for the choreography to be authored only once it should be specified or recorded independently 

from the staging platform data model and respective specification language so that it can be 

adapted/transformed to different platforms. The problem then has three aspects: the representational 

aspect, the transformational aspect and the evolutionary aspect. 

To provide a contribution that facilitates the development/authoring, maintenance, sharing and 

generation of choreographies aimed to be staged on different VWPs, it is suggested that the common 

representation model of the choreography that is captured during authoring (the Representation in Figure 

10), is generated for a particular VWP (the Staging in Figure 10) following a set of model transformation 

processes (the Mapping in Figure 10), similar to that suggested by the Model-Driven Architecture (MDA) 

paradigm [180]. 
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Based on the model independence concept and model transformation of MDA, an approach based on 

two main dimensions was adopted: the VWP dimension and the choreography’s domain dimension. In 

fact, unlike in MDA, in this approach the model is not only independent from the VWP but also 

independent from the choreography’s domain. Figure 11 depicts the MDA one-dimensional approach 

(Figure 11 a) in comparison with the two-dimensional envisaged approach (Figure 11 b). 

The nomenclature 𝑂𝑃𝑥𝐷𝑥 refers to Ontology, Platform and Domain, with “x” assuming “d” and “i” 

values for “dependent” and “independent”, respectively. E.g. 𝑂𝑃𝑖𝐷𝑑 means platform-independent, 

domain-dependent ontology. 

Taking into account the characteristics of ontologies, it is claimed in this thesis that ontologies are the 

adequate knowledge representation model for bridging the gap between human requirements and 

computational requirements [182], thus able to play the role of both Computation-Independent Model 

(CIM) and Platform-Independent Model (PIM). 

 

Figure 11 – Model-driven representation according to: a) MDA and b) proposed approach 

Following MDA, the base model representation of a choreography (𝑂𝑃𝑖𝐷𝑖) is successively transformed 

through a set of processes until the platform-specific choreography (𝑂𝑃𝑑𝐷𝑑) that is intended to be staged 

in a specific VWP. 

System architecture is composed of four models and five processes capable of generating a specific 

choreography to be staged in potentially any VW, as depicted in Figure 12.  

Ontologies were selected as representational models of different choreography abstractions, and the four 

ontologies that play key roles in the proposed approach are 𝑂𝑃𝑖𝐷𝑖 , 𝑂𝑃𝑑𝐷𝑖, 𝑂𝑃𝑖𝐷𝑑 and 𝑂𝑃𝑑𝐷𝑑. The 

processes that allow driving the choreography from its representation to its staging are Authoring, 

Mapping1, Mapping2, Transformation and Execution. 
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Figure 12 - The proposed system architecture with the processes of authoring, mapping1, mapping2, transformation 

and execution 

4.5 Choreography representation 

A choreography should be able to conceptually capture the intended application domain in the most 

comprehensive way possible. It should capture information to represent the following: 

 fundamental concepts that capture the state of the world; 

 goals to achieve; 

 actions that can be performed;  

 additional concepts to more accurately capture the knowledge of the virtual environment; 

 relations between actions and actors to define the way actions should be performed by the 

actors. 

In this sense, the choreography should capture information taking into account three dimensions: (1) the 

relevant actions and objectives of the choreography, (2) the definition of rules that allow a logical and 

flexible distribution of actions to actors (choreography participants) according to their skills, and (3) 

characteristics of the theatrical stage that impact the correct performance of the choreography. Therefore: 

1. To capture the actions and goals to be achieved, a representation based on STRIPS (cf. section 2.5.1) 

was adopted considering three fundamental reasons: 

(i) STRIPS allows the representation of actions and their pre and post-conditions, as well as the 

objectives. It allows establishing a relative order/temporal relationship between actions, 

through the chain of their pre and post-conditions; 

(ii) Based on the previous one, it promotes the use of planners to generate action plans able to 

achieve the defined objectives; 
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(iii) It allows the representation of the current state of the world by a set of facts. 

2. In a choreography with multiple actors, the distribution of actions may be planned according to a 

stricter or more flexible approach. In the first case a well-defined set of actions is distributed to each 

actor. All actors know from the outset what actions they must perform. There is no objective attempt 

to make a uniform distribution of actions among actors, so there may be a large difference in 

participation between them. In this thesis, a more flexible style is followed, opting to distribute actions 

by the actors who best meet the conditions at every moment. The candidate actors to perform an 

action, should have the skills to do so, i.e., should play a role that is compatible with the action. By 

introducing the concept of ROLE and associating the same role to multiple actors, one opens the 

possibility for these actors to compete with each other to perform the same action. In order to 

explore the flexible distribution of actions by various actors, it is proposed the creation of rules that 

allow the creation of competence clusters by defining relations between the actor and role concepts, 

and between role and action. With this approach the relationship between concept action and role has a 

dual function:  

(i) give the actors a high degree of autonomy, providing them with a free selection of actions to 

perform, limiting them by the existing relationship restrictions between actions and the roles 

they play; 

(ii) allow to actors the ability to play distinct roles along the choreography, by a dynamic 

assignment of roles as a result of the actions they selected. 

3. In addition to actions, it is necessary to capture other information that is relevant to the execution of a 

choreography. An action may be applied upon an object and occur at a particular location of the 

theatrical space or according to a specific environmental characteristic. Based on this premise, it is 

essential to capture information capable of describing the composition of the theatrical space, 

particularly material objects that may or may not allow interaction upon them, characteristics of the 

surrounding environment (non-material) that can represent temperature, time of day, etc., and also 

identify physical spaces with features that match the staging areas where actions may occur. 

4.5.1 The fundamental concepts of a choreography 

Given the above, to represent a choreography that serves a general purpose, i.e., able to generically 

describe any application domain, it is essential to capture the following concepts: 

 Choreography - It represents the story or procedures as a whole. It contains the description of 

the set of all possible actions to be performed and goals to be achieved. 

 Action - It is an event representing the act of doing something. It can specify an activity 

associated to a behavior, including interactions upon objects. Actions may be verbal or 

nonverbal. 
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 Actor - It is the representation of a human user or computer controlled avatar who takes part 

in the theatrical component of a choreography. It can perform actions and play roles 

according to the course of the choreography. 

 Role - It is a generic and abstract digital representation of a story character that has a set of 

behaviors, rights and obligations. It describes the actions that actors are able to perform or 

actions they must perform.  

 Feature - It is a measurable characteristic, attribute or aspect of something that is likely to 

occur or be represented in the story and is represented by measurable states. Humidity or 

temperature are two examples of feature. 

 Object – “It is something perceptible by one or more of the senses, especially by vision or touch”35. It is the 

virtual representation of a material – or conceptually material - thing with parallels to physical 

attributes that has a spatial representation and allows interactions, manipulations as well as 

allow actors to perform actions on it. Characters are not included in this designation and are 

therefore not considered objects. 

 Stage - Describes a physical location identifying a theatrical space in the virtual environment, 

and could be associated with the implementation of an action. 

 State - It is the representation of a particular condition that someone or something is in a 

given time. 

 Value - It is a quantitative or qualitative representation of a state. It can take the form of a 

numeric, textual or logical data type. 

 Goal - It defines the main purpose of the choreography, and is an observable and measurable 

end result toward which an effort is directed. It represents a target to be reached in a certain 

period of time, and wherein one or multiple states have the desired value. When the goal is 

reached, the choreography is considered complete. 

4.5.2 The foundational choreography ontology 

The foundational choreography ontology is the one that represents an abstraction of a choreography in a 

way that it is simultaneously independent of the VWPs and independent of the application domains, i.e. it 

corresponds to the 𝑂𝑃𝑖𝐷𝑖 ontology of the Figure 11.  

It contains the core concepts presented in section 4.5.1, describing a choreography in a generic way. This 

ontology is sufficiently generic to avoid particular specifications of any particular VWP and application 

domain. It is an abstract top-level ontology, in the sense that it is not intended to be instantiated. Instead, 

                                                      
35

 http://www.thefreedictionary.com/object 
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it will be extended with the specific domain concepts and constraints in a way that the included entities 

inherit the semantics of the core concepts. 

The initial inspiration for the representation of a choreography was based on STRIPS, as it represents 

some of the fundamental concepts described in section 4.5.1, such as Action, Goal, State and Value. Pre- 

and post-conditions of actions were also captured, but in the form of properties used to establish relations 

between Action and State concepts. 

These sets of concepts, properties and relations inspired on STRIPS were extended and information was 

added. The representation of characters and functions that can be played by them are captured through 

the concepts of Actor and Role, respectively. To define the characteristics of the theatrical space, the 

concepts of Object, Feature and Stage were captured. The Choreography concept was also captured, in 

order to represent a choreography as an individual entity, which will be associated with the goals to be 

achieved and the actions available for that purpose. 

Additionally, several properties and relations between these and the STRIPS-proposed concepts were 

captured.  

Figure 13 depicts two perspectives of the foundational choreography ontology (𝑂𝑃𝑖𝐷𝑖). The left side 

depicts the concepts (rectangles) and their properties (arrows). The right side of the figure depicts the 

hierarchy (or taxonomy) of the concepts. 
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Figure 13 - The foundational choreography ontology (𝑂𝑃𝑖𝐷𝑖): representation of concepts, properties and relations 

between concepts 

4.5.3 Ontologies of different choreography abstraction models 

Inspired by the MDA architecture, the three data models proposed (CIM, PIM and PSM) are captured in 

ontologies using a characterization based in two dimensions: the staging platform and the application 

domain. The result is four different models to represent different abstractions of the choreography, as 

depicted in Figure 14. 
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Figure 14 - Characterization of ontologies according to platform and domain dimensions 

𝑂𝑃𝑖𝐷𝑖 is the platform independent and domain independent ontology, also designated as the foundational 

ontology.  

𝑂𝑃𝑖𝐷𝑑 is the choreography model in the form of an ontology resulting from the application of the 

authoring process (cf. Chapter 5) upon the foundational 𝑂𝑃𝑖𝐷𝑖 ontology. 𝑂𝑃𝑖𝐷𝑑 is a platform independent 

but domain-dependent model/ontology that captures the representation of a complete choreography for a 

specific application domain, without any commitment to the technical specificities of any platform. 

𝑂𝑃𝑑𝐷𝑖 (platform dependent and domain independent ontology) is the ontology that describes a 

choreography in a generic way (the core concepts) for a particular VWP. This is a platform dependent 

ontology, but remains independent from any application domain, and therefore is developed only once 

(despite any evolution needed to face the VWP evolution). This ontology should capture the 

interpretation of a choreography for a VWP in a private way in order to best fit its characteristics, but 

must capture every concept correspondingly to those defined in foundational ontology to represent the 

same semantic knowledge, so that it’s possible to establish semantic relations between them. Thus, we 

consider that in order to apply this approach, it is necessary to develop, for each target VWP, an ontology 

to represent that VWP’s particular interpretation of the foundation ontology. Moreover, this ontology can 

incorporate additional concepts by considering the specific characteristics of that VWP and using its own 

terminology. Figure 15 depicts examples of choreography taxonomies for two VWPs: ChitChatCity and 

OpenSim (described in section 2.4), whose main characteristics are described in Table 1.  

a)                            b)  

Figure 15 - The Choreography Ontology (𝑂𝑃𝑑𝐷𝑖) for: a) ChitChatCity and b) OpenSim  
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Since ChitChatCity is a chat-based platform, it is considered that actions are restricted to writing text 

messages (Figure 15 a), thus there is only one type of action ("Write"). Therefore, if different actions take 

place, different text must be written. In OpenSim however, there is a set of actions such as “Attach”, 

“Chat”, “Detach”, “Go” and “Touch” that are part of the intrinsic characteristics of the VWP (Figure 15 

b). One can take advantage of these features and use them regardless of the application domain. For this 

reason these concepts could be incorporated into the ontology in order to refine and improve the 

choreography for this particular platform. Moreover, as there are differences in terminology between the 

two VWPs, it is desirable that the ontologies reflect the differences. For example, while in the OpenSim 

platform the action is performed by an “Avatar”, in the ChitChatCity platform the same concept it is 

referred as a “User”. 

𝑂𝑃𝑑𝐷𝑑 is the target ontology that captures the representation of a complete choreography for a specific 

application domain and VWP. This is the ontology that represents the choreography that will be staged in 

the VW. 

4.6 Comparing the proposal model with other models 

Compared to SEVESO, where actions are associated with agents (actors), in this thesis a dual approach is 

suggested: 

 associate actions to roles such that the execution of the action is constrained only by the role 

assignment to actors; 

 dynamically assign a role to an actor in respect to the actions he/she performs, which may 

vary across the choreography. 

In MIMESIS, actions are described declaratively, and for each target VWP are also represented in a 

procedural way. These two representations follow the same semantic structure differing only in syntax. In 

the proposed approach, each VWP has its own conceptual representation of a choreography (in which its 

distinctive features and functionalities may be included) that is independent of the representation 

performed by the choreographer. These distinct representations are linked by a mapping mechanism that 

allows establishing complex correspondences (conversion, combination, transformation, etc.) between 

entities of both choreographies. 

While in ZOCALO the actions triggered by an actor are validated upon the pre-defined plan, in the 

proposed approach, the actions are validated by the reasoning engine considering the knowledge base’s 

content. Moreover, in ZOCALO, the plan contains the set of actions that must be performed, and the 

restrictions involved are only its respective preconditions. The procedure ends when all the plan's actions 

are implemented, but if for some reason an action is not performed the plan may never end. Instead, the 

proposed approach provides autonomy to actors by allowing them to perform any action provided that 
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they fulfill the conditions expressed in the knowledge base, in particular, the preconditions, the roles and 

restrictions associated to actions. In the proposed approach, the purpose of the plan of actions is solely to 

assist virtual actors by guiding them to the execution of the set of actions, leading the choreography to its 

intended purpose. However, when the plan is no longer considered viable, i.e., it is unable to achieve the 

objectives (because it is not possible to execute the plan's actions) a replanning is performed to obtain an 

alternative plan. 

The proposed approach is characterized and compared to the related work systems according to Table 3. 

Table 3 - The characterization of the related work systems and the proposed approach 
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Execution in VE 

0-mono;  
1-homogeneous; 
2-heterogeneous 

0 0 0 0 1 1 1 1 2 1 2 

Human Users 

0-mono;  
1-multiusers; 

1 0 1 1 0 0 0 0 0 1 1 

Real/Virtual actors 

0-only real;  
1-real + virtual; 
2- virtual may replace real 

1 1 2 2 0 0 0 0 0 0 2 

Definition of Roles 

0-no roles;  
1-allow roles; 
2-actors may modify roles 

1 1 2 1 0 0 0 0 0 1 2 

Planning ability 

0-no planning;  
1-planning; 
2-replanning 

0 2 2 2 0 0 2 2 1 0 2 

Representation models 

1-only one;  
2-several; 

2 2 2 1 1 1 2 2 2 1 1 

Modeling abstraction 

0-limited;  
1-general-purpose; 
2-conceptual/extendable 

1 0 0 0 0 0 0 0 0 0 2 

 

Figure 16 depicts the positioning of this proposal and the related work (Figure 7) according to three 

dimensions: (i) Casting - the choreography is intended to be used in a training session by one user only, 

multiple users or a combination of users and virtual actors; (ii) Platform – the choreography is able to be 

performed in one platform (or more than one, but with very similar characteristics) or multiple platforms; 
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(iii) Modelling – the choreography is represented using a proprietary model (limited model), a general 

purpose model (cross-platform) or a conceptual model. 

 

Figure 16 – The position of the related work systems and our proposal according to casting, platform and modelling 

dimensions 

4.7 Summary 

The selected technologies to solve the problems in hand were presented, and the reasons for their choice 

were justified. 

A system architecture was proposed to represent, adapt and stage multi-domain, muti-user choreographies 

in multiple VWPs, as well as an ontology to conceptually represent a choreography. 

The proposed system was compared with other systems, previously analyzed in Chapter 2. 
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Chapter 5 

 

REPRESENTATION 

This chapter describes the process of authoring a choreography for a specific application domain 

independent of any VWP. Guidelines are presented to: 

 logically organize the flow of the actions of the choreography; 

 introduce rules in the choreography in order to constrain the execution of actions by the actors; 

 promote the reuse of existing choreographies. 

5.1 The Authoring process 

The Authoring process is a user-driven process in which the choreographer authors a domain dependent 

choreography in the form of an ontology. This is independent of the actual process and tool employed by 

the choreographer. An ontology expert might specify ontologies directly; but the most typical cases, I 

expect, would be those where user-centered software platforms and tools would generate the ontologies 

from users’ actions, explicitly or not. For instance, a user could use a magnetic-board software to specify 

sports players’ movements [14]; specify the behavior of virtual agents indirectly by placement of cues or 

restrictions [105]; or simply by removing detail from an example [183].  
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In this thesis, choreography authoring is seen as the process where an application domain choreography 

(𝑂𝑃𝑖𝐷𝑑) is generated by semantically extending and refining the foundation choreography ontology 

(𝑂𝑃𝑖𝐷𝑖). This process is then formally defined as a function 𝑓: 𝑎𝑢𝑡ℎ𝑜𝑟𝑖𝑛𝑔(𝑂𝑃𝑖𝐷𝑖 , ℂ) → 𝑂𝑃𝑖𝐷𝑑 such that:  

 𝑂𝑃𝑖𝐷𝑖 is the foundational choreography ontology; 

 ℂ is a set of changes that extends and refines the source ontology 𝑂𝑃𝑖𝐷𝑖 guiding its evolution 

towards a specific domain. A change is a sequence of operations that impacts the ontology by 

adding or removing axioms to or from an ontology; 

 𝑂𝑃𝑖𝐷𝑑 is the resulting platform independent and domain dependent model of the 

choreography. 

Further, the authoring process must ensure the set ℂ does not change the semantics defined in 𝑂𝑃𝑖𝐷𝑖 . For 

that, the following assumptions must be guaranteed: 

 No axioms defined in 𝑂𝑃𝑖𝐷𝑖 can be removed; 

 No contradictions can be added, i.e. 𝑂𝑃𝑖𝐷𝑑 must be logically consistent; 

 No new root elements are allowed. I.e. new entities (classes and properties) are defined as sub 

entities of those existing in 𝑂𝑃𝑖𝐷𝑖 and should not create new root entities. 

Besides new concepts, additional restrictions are typically added to 𝑂𝑃𝑖𝐷𝑑
 (e.g. 𝑂𝑃𝑖𝐷𝑑 in Figure 17) in 

order to constrain the ability of the actors performing actions.  

 

Figure 17 – An extract of the (𝑂𝑃𝑖𝐷𝑑) Ontology resulting from the authoring process 
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For better understanding, the 𝑂𝑃𝑖𝐷𝑑
 ontology depicted in Figure 17 is formally represented using DL 

syntax as follows: 

Action ⊑ Thing ⊓ Ǝ performedBy.Role 
ManipulateAction ⊑ Action ⊓ Ǝ performedBy.Mechanic 
GrabScrewDriver ⊑ ManipulateAction ⊓ Ǝ performedBy.M1 
CommandAction ⊑ Action ⊓ Ǝ performedBy.Supervisor 
SayStart ⊑ CommandAction ⊓ Ǝ performedBy.S1 
Role ⊑ Thing 
Supervisor ⊑ Role 
S1 ⊑ Supervisor 
Mechanic ⊑ Role 
M1 ⊑ Mechanic 

The process of authoring a choreography may be separated in three steps: (1) the definition of the 

application domain, (2) the choreography flow, and (3) the specification of rules and constraints. 

5.2 The definition of the application domain 

The definition of the application domain consists on modeling an ontology in order to incorporate all 

relevant concepts that fully represent a choreography in a particular domain. 

The 𝑂𝑃𝑖𝐷𝑖 ontology is used as a starting point as a conceptual definition of the choreography in abstract 

terms. The platform independent, domain dependent choreography (𝑂𝑃𝑖𝐷𝑑) will be built by hierarchically 

extending the 𝑂𝑃𝑖𝐷𝑖 ’s concepts, properties and relationships between concepts, in order to define the 

intended domain knowledge. 

The construction of an ontology is a complex task which consumes time and resources, and therefore, it is 

desirable that the work developed can be reused in the future, avoiding duplication of tasks and making 

the authoring process faster. In this sense, it is suggested that the concepts to be added should be 

organized in small ontologies, so that the construction of the domain ontology is performed in a simpler 

manner, in which the intended components (ontologies) are previously organized and added as needed. 

“Modularity, allows mechanisms for easy and flexible reuse, generalization, structuring, maintenance, 

design patterns, and comprehension” [184]. In the context of ontology engineering, modularity can be 

adopted to reduce the size and complexity of the ontologies and to facilitate their design, integration and 

maintenance [184], [185]. In addition, ontology engineering can be inspired by software engineering 

discipline where modularity is already a well-known and studied concept [185], [186]. For example, it 

could be encouraged the use of GRASP principles particularly, the "High Cohesion" and "Low Coupling" 

patterns to promote the reuse and maintenance [186]. As an example, there could be ontologies of 

Actions, Objects, Features, etc. The purpose of this approach is to create a set of ontology modules each 

one concerning certain concepts available for use in future choreographies. With this library of modules 

the ontology representing the application domain choreography can be constructed by integrating these 

modules with complementary domain specific knowledge, achieving the intended granularity and level of 
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detail, with less effort and time and potentially with less errors. As more detail is placed in the 

representation, the greater is the advantage that can be obtained after the generation of the choreography. 

In fact, if choreography is created with much detail, this information could be exploited in the virtual 

world (if it is capable of this). 

For example, consider that an actor must grab a screwdriver to turn in a screw. When using the 

choreography depicted in Figure 18 a), the actor can only performs the action GrabScrewDriver. 

However, by using a choreography with more detail, as that depicted in Figure 18 b), the actor can grab 

the screwdriver in two ways: GrabManualSD or GrabElectricSD. Thus, using a VWP as OpenSim one can 

exploit the choreography's additional detail and perform a more appealing and realistic staging. The 

execution of GrabManualSD and GrabElectricSD actions may be differentiated by using distinct 

animations and objects. 

On the other hand, in order to benefit from the reuse of existing representations, it is important to 

provide some form of generalization instead of high specialization. In this context, the granularity and 

specialization are two dimensions representing two antagonistic forces that must be balanced so that each 

choreography is represented with the best compromise between both dimensions. 

In summary, it is proposed that the representation of a choreography must follow a modular and 

incremental approach, extending and specializing domain knowledge by progressively importing existing 

ontologies. Furthermore, it is desirable that the choreography modules be represented with different levels 

of granularity and detail to enable its execution in a most suitable way for the requirements of the VWP 

where they will be implemented. The dimensions that should be taken into account in the representation 

of a choreography can be systematized as follows: 

 granularity 

o Promotes reuse; 

o Promoted by the integration process during the authorship; 

 specialization 

o Promotes the expressiveness of VWP; 

o Promoted by the refining process during the authoring. 

Figure 18 depicts an example of two small ontologies (modules) in which the sub-concepts of Action and 

Role are defined and organized in different hierarchies addressing different knowledge representation 

requirements. Figure 18 a) depicts a representation of concepts in a more generic/abstract approach, while 

in Figure 18 b) a generalization/refinement process gave rise to a higher detail of the same concepts. 
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Figure 18 - Example of ontologies for representing actions and roles, with two levels of granularity: a) with less detail 

and b) with more detail.  

5.3 The flow of the choreography 

One of the important aspects in the authorship of a choreography is the definition of guidelines for 

representing the order of actions. 

The actions, individually, represent isolated acts. On the other hand, a choreography is a composition of a 

set of actions representing a script with a specific meaning. Typically, in a choreography all actions do not 

occur simultaneously and independently of each other. Often they possess interrelationship between 

them, establishing temporal relations. 

Here, order does not necessarily mean that the actions have to be all performed by a well-defined 

sequence. There are situations in which it is desirable to perform some actions first rather than others, but 

there may be other situations in which the actions can be executed in parallel and even others where 

actions may be executed in different moments/states of the choreography. 

In general terms, it can be said that the execution of an action may be conditioned by the existence of pre-

conditions that make them depend on other actions. Thus, one can take advantage of pre-conditions and 

post-conditions’ mechanism of actions, to set the desired actions chaining. Knowing that the pre- and 

post-conditions are based on the use of states (cf. section 4.5.2), and that post-conditions may change 

them, one can implement a strategy in which a state (State1) is used to indicate that an action (Action1) 

was performed. In this case, State1 will be set as a post-condition of Action1. If this state (State1) is set as 

a pre-condition of an action Action2, then Action2 can only be executed after Action1. This strategy 

allows establishing precedence relationships between actions, resulting in a sequential execution of actions. 

On the other hand, some actions may not have any relation to each other and can therefore be executed in 

parallel. 

A small example is presented to illustrate the order between actions: 
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1. For the actions Action1 and Action2 be executed sequentially, respecting the order: Action1 → 

Action2 (Action2 is preceded by Action1), their definitions using the Manchester syntax [187] of DL 

would be: 

 Class: Action1 

  SubClassOf: 

   Action, 

   hasPostCondition some State1 

  

 Class: Action2 

  SubClassOf: 

   Action, 

   hasPreCondition some State1 

2. Two actions can be executed in parallel if they have no relationships (precedence) between them, i.e., 

the preconditions of each action are not related with states that are referenced by post-conditions of 

the other action. One of the possibilities for defining parallelism between the actions Action1 and 

Action2 is the following definition, using the Manchester syntax: 

 Class: Action1 

  SubClassOf: 

   Action, 

   hasPostCondition some State1 

  

 Class: Action2 

  SubClassOf: 

   Action, 

   hasPostCondition some State2 

3. The combination of sequential and parallel execution of actions is illustrated by the following 

example: It is considered that is intended to perform the actions Action1, Action2 and Action3, 

according to the following dependencies: Action1 → Action3 and Action2 → Action3. Action3 has 

precedence relationships with Action1 and Action2 also, so, it should be performed after them 

(sequentially). However, since there is no ordering relation between Action1 and Action2, they can be 

executed in parallel. One of the possibilities for defining actions Action1, Action2 and Action3, using 

the Manchester syntax would be: 

 Class: Action1 

  SubClassOf: 

   Action, 

   hasPostCondition some State1 

  

 Class: Action2 

  SubClassOf: 

   Action, 

   hasPostCondition some State2 

  

 Class: Action3 

  SubClassOf: 

   Action, 

   hasPreCondition some State1 

   hasPreCondition some State2 
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5.4 The specification of rules and constraints 

In scenarios involving multiple actors, some questions may arise regarding the actor that can or should 

perform the actions: 

 May all the actors perform any of the actions indiscriminately? 

 And, do they have the same degree of knowledge and permission needed to perform these 

actions? 

In order to explicitly declare this knowledge, the goal is to capture such knowledge by creating ontology 

restrictions between the actors, roles and actions in order to constrain its execution. 

For instance, in a team scenario, it is possible that several team members have a similar level of knowledge 

and permissions, which makes them able to perform the same actions. In this case, one is facing a 

multiplicity of characters eligible to perform the same actions, and to avoid making an exhaustive list of all 

the characters that can perform each action, it is proposed that the actions are associated with roles. A role 

represents a set of skills that certain characters are able to play. It is used to functionally distinguish the 

characters allowing, in a more elaborate approach, the ability to define groups of people to represent an 

organizational structure. In the creation of roles a structured approach can be adopted, similar to that 

described by Hannoun [188], defining multiple levels and thereby obtaining a separation and allocation of 

responsibilities in greater detail. 

As an example, in an organization, it is common that actions related to accounting are carried out by an 

accountant. If there are two or more accountant employees, one may find that any of them is competent 

to perform these actions because they play the same role (accountant). This is the fundamental reason why 

the actions are associated with roles. Thus, when the actors are endowed with a role, they are able to 

perform the actions associated with that role. 

The motivation for this approach is based on the fact that it is often considered irrelevant that an action is 

performed by a particular actor but, instead, a more flexible approach is desired in which an action must 

be performed by anyone holding the right skills. This means that any member of the team can perform 

the action depending on the role required by the action and the user’s recognized roles. In addition, by 

associating roles to actions, greater flexibility in the distribution of the actions to the actors during the 

staging of choreography is possible. 

All the DL expressivity is at service of the authoring process, thus allowing the choreography ranging 

from simple to complex, but always defined with a logic-semantic approach. Any ontology restriction can 

be added to the choreography. However, three types of domain-oriented (choreography-oriented) 

restrictions are identified and deemed useful. 
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The definition of choreography-oriented restrictions has two main objectives: (i) associate roles to actions 

and (ii) create a logical structure to constrain the execution of future actions by the actors and even change 

their roles. In developing this logical structure, the following three types of choreography-oriented 

constraints are defined: 

(1) Role-depending actions: constraining the execution of actions to specific roles; 

(2) Action-depending roles: changing the role of actors as a result of their performed actions; 

(3) Disjoint roles: constraining the roles played by an actor. 

All restrictions will be addressed and validated automatically through a reasoning engine that operates 

directly on the ontology. 

5.4.1 Role-depending actions 

This type of restriction focuses on constraining the actors allowed to perform an action based on its role, 

i.e., to perform the action, the actor must have a specific, previously defined role (the necessary 

conditions). The association between an action and a role is defined by a triple in the form of 

〈𝑎𝑐𝑡𝑖𝑜𝑛, 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑒𝑑𝐵𝑦, 𝑟𝑜𝑙𝑒〉 wherein 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑒𝑑𝐵𝑦 is the specific property that represents the 

relation between the concepts referenced by 𝑎𝑐𝑡𝑖𝑜𝑛 and 𝑟𝑜𝑙𝑒.  

As an example, consider that one aims to represent an action Action1 that can be performed only by an 

actor that plays the role Role1. The specification of this constraint using the Manchester syntax can be 

defined as: 

Class: Action1 

 SubClassOf: 

  Action, 

  performedBy some Role1 

  performedBy only Role1 

There may be actions upon which constraints are neglected, for example, when any actor can execute the 

action. In this case, since there are no constraints, it is proposed that such actions must be associated with 

the concept that represents the more general role in the ontology (Role, which includes all other types of 

roles), as is illustrated by the following definition: 

Class: Action1 

 SubClassOf: 

  Action, 

  performedBy some Role 

Moreover, the possibility to define actions that must be performed by a single actor is also considered 

important. This can be found in procedures composed of a set of actions, and it is intended that these 

actions should not be performed indiscriminately by any actor but must follow a logical sequence and be 

performed by the same actor. In a training scenario, aiming at training procedures, usually the trainees are 

instructed to fully implement well-defined sequences of actions and not just actions in an isolated manner, 

without relationship between them. The purpose is to enable trainees to train other skills, such as 

the necessary conditions 
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performing sequences of actions organized according to a specific logic, rather than performing just 

atomic actions. As an example, consider that changing a tire must be performed by a single character. This 

procedure is composed by a set of actions, ranging from the handling of tools and removing and placing 

screws and the tire. In this situation, all actions that are part of the procedure must be associated to the 

role of the intended actor.  

In addition, the ability to define procedures that can be performed by actors of different roles is also 

proposed, but with the condition that those who initiate the procedure must fully execute it. To capture 

this constraint, the procedure’s actions should be associated to a specific role at the starting time of the 

procedure, ensuring that this - and only this - actor performs the remaining actions of the procedure. 

For example, consider that a procedure composed by two actions- Action1 → Action2 (Action1 followed 

by Action2) -must be performed by the same actor. Consider yet that any actor can perform the procedure 

but who perform Action1 must also perform Action2. The actions and roles for this example can be 

defined as: 

 Class: Action1 

  SubClassOf: 

   Action, 

   performedBy some Role 

   performedBy only Role 

  

 Class: Action2 

  SubClassOf: 

   Action, 

   performedBy some Role1 

   performedBy only Role1 

 

 Class: Role1 

  SubClassOf: 

   Role 

  EquivalentTo: 

   Role and  

   (performs some Action1 or performs some Action2) 

5.4.2 Action-depending roles 

Another type of restrictions available during the authoring process of the choreography consists in 

assigning the role(s) to an actor based on the action(s) s/he performs, which means that the roles are 

dynamically assigned during the choreography according to the actions performed by the actor. This type 

of restrictions captures the roles or performed actions by the actors, and the roles required to perform an 

action. These actions have a direct influence on the actor’s actions, by causing changes to their role and 

consequently, directing him/her to perform specific actions or procedures.  

For example, if an actor plays the role Role1 and performs actions Action1 and Action2 or Action3, shall 

automatically play the role Role2 thereafter. From another point of view this means that to play the role 

Role2 is necessary that an actor plays the role Role1 and performs actions Action1 and Action2 or, 

alternatively the action Action3. 
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Including the rule for this example, the concept for role Role2 can be defined as: 

Class: Role2 

 SubClassOf: 

  Role 

 EquivalentTo: 

  Role1 and  

  ((performs some Action1 and performs some Action2) 

  or (performs some Action3)) 

The changing of an actor's role results from the reclassification of the KB as a consequence of its 

evolution. This is a very convenient approach since it allows defining roles (classes) based on the necessary 

and sufficient conditions, which in turn allows evaluating and classifying the instances in the KB that 

fulfill these conditions. Moreover, this is a completely automatic process performed by the reasoning 

engine. 

5.4.3 Disjoint roles 

The creation of a restriction to indicate that an actor can perform some actions but not others can be 

easily defined by a disjunction relationship between the roles associated to those actions. The disjunction 

operator is one of the constructors that can be used during the definition of ontologies, and ensures that 

an individual (instance) that is a member of a class cannot be a member of another class if these classes 

are declared disjoint. E.g. we can define that two roles are disjoint, meaning that during the choreography 

an actor cannot play both roles. That is, when two roles, Role1 and Role2 are defined as disjoint, an actor 

running the role Role1 cannot play the role Role2 and vice-versa, because these two roles are considered 

incompatible. 

Following the example of the previous section and adding the disjoint restriction between Role1 and 

Role2, the concept for Role2 can be defined using the Manchester syntax as: 

Class: Role2 

 SubClassOf: 

  Role 

 EquivalentTo: 

  Role1 and  

  ((performs some Action1 and performs some Action2) 

  or (performs some Action3)) 

 DisjointWith: 

  Role1 

5.5 Consistency and feasibility checking 

There are two types of choreography checking: 

1. Logic-semantic checking; 

2. Feasibility (pragmatic) checking. 

the necessary and sufficient conditions 
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5.5.1 Logical-semantic checking 

It is critical that the ontology of the choreography always remains consistent, i.e., that it does not contain 

contradictory information. Given the representation of a choreography it is important to check the 

feasibility of its staging. Some factors may lead to the impossibility of its execution, e.g. the VW can be in 

a state incompatible with the choreography or actions having cross dependences between them causing 

deadlock situations. 

The authoring process must ensure that the resulting ontology is absolutely correct in terms of 

consistency. To ensure this, the ontology of a choreography is submitted to the analysis of a reasoning 

engine that has the ability to classify the existing information and check its consistency. Any detected 

integrity failures should be the object of analysis and correction.  

5.5.2 Feasibility checking 

The feasibility of the choreography can be checked using a planner that, from the current state of the VW 

and the representation of actions of the choreography (with pre and post conditions) calculates a plan of 

actions capable of achieving the set of goals. When a solution for the problem is not found, it means that 

it is not possible to proceed with the execution of the choreography or in the meantime, the goals of the 

choreography were already achieved.  

The feasibility checking can be performed either at the authoring or at the staging process. 

During (and after) the authoring process, the choreography is not yet ready to be staged in a VW. It is still 

an abstract representation that needs to be adapted to the particular characteristics of the VWP where it 

will be staged. Therefore, the value of the states of the VW cannot be taken into account because they are 

not known. However, using simulation processes, one can perform choreography checking to analyze the 

dependencies between actions, in which the initial states of the VW are stated by the simulation. 

Furthermore, this simulation can be exploited in order to test different possibilities for the initial states of 

the world that allow the full staging of the choreography. Consequently, any feasibility problems can be 

detected in early stages reducing the consequences of authoring mistakes. 

The feasibility checking can also be performed during the staging of the choreography, especially when 

there are no progresses, i.e. the actions of the choreography are not executed. In this case it can be used to 

check for deadlocks between actions or if there are passive actors that do not perform actions when they 

should. 

5.6 Summary 

This chapter proposed that a choreography should be represented independently of the characteristics of 

VWPs. 
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The proposed guidelines recommend following a modular and incremental approach to take advantage of 

modules previously developed (either for specific choreographies or as an effort to create reusable 

choreography modules), promoting the reuse of components, thus, reducing time, effort and errors in the 

authoring process (cf. 5.2). 

The guidelines further describe several choreography-oriented patterns for capturing common 

choreography requirements by exploiting the features of the DL ontologies, namely, necessary and 

necessary and sufficient conditions (cf. 5.4.2).  

The authoring process gives rise to a choreography for a specific application domain while still being 

independent of any platform. 

The following chapter addresses the process of transforming this domain-dependent and platform-

independent choreography into the same domain-dependent yet platform-dependent choreographies. 
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Chapter 6 

 

MAPPING 

 

Mapping is the component that manages the creation of a specific choreography ontology model intended 

to be staged in a particular VWP. It implements a set of processes that, through mappings between 

different ontologies models, enable the automatic construction of a platform-specific choreography 

ontology from a platform-independent one, thus reducing the time and effort of the choreography 

development.  

Mappings establish relations between two choreography ontology models, a platform-independent model 

and a platform-dependent model, representing the necessary semantic correspondences between both 

models. 

This component implements the generation of a choreography ontology model for a particular VWP 

through the following three processes: (1) mapping1, (2) mapping2, and (3) generation of the 

choreography. 

These processes are described in the next sections. 
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6.1 Mapping1 

Mapping1 is the process that establishes correspondences (also named semantic bridges) between the 

representations of the two choreographies abstractions represented by 𝑂𝑃𝑖𝐷𝑖
 and 𝑂𝑃𝑑𝐷𝑖

.  

According to Silva and Rocha [166], a semantic bridge can be defined as a set of elements describing:  

 What entities, from both source and target ontology, are semantically related;  

 How source instances are transformed into target instances;  

 Conditions that must be held to execute the bridge. 

Two types of semantic bridges are considered:  

 Concept Bridge (CB), used to describe the semantic relations between (source and target) 

concepts; 

 Property Bridge (PB), used to specify the semantic relations between (source and target) 

properties, either relations or attributes. 

The mapping1 process may be defined by the function 𝑓: 𝑚𝑎𝑝𝑝𝑖𝑛𝑔1(𝑂𝑃𝑖𝐷𝑖, 𝑂𝑃𝑑𝐷𝑖) → 𝐴1 such that 𝐴1 is 

the resulting alignment (set of correspondences) between concepts and properties of the two ontologies 

(𝑂𝑃𝑖𝐷𝑖 and 𝑂𝑃𝑑𝐷𝑖).  

In this process all the main concepts (i.e. concepts that are direct subclasses of the Thing concept) of the 

foundational ontology (𝑂𝑃𝑖𝐷𝑖) should be mapped to concepts of the platform specific ontology (𝑂𝑃𝑑𝐷𝑖) to 

ensure that there is full correspondences between both ontologies, i.e. that all entities from 𝑂𝑃𝑖𝐷𝑑 are 

semantically related to at least one entity of the 𝑂𝑃𝑑𝐷𝑖. 

Correspondences between properties are defined between properties of two mapped concepts.  

Figure 19 depicts an alignment between 𝑂𝑃𝑖𝐷𝑖 and the two 𝑂𝑃𝑑𝐷𝑖 ontologies previously introduced in 

section 4.5.3.  

In Figure 19 a) depicts the mappings between concepts Action and Role of ontologies 𝑂𝑃𝑖𝐷𝑖 and 𝑂𝑃𝑑𝐷𝑖 of 

the ChitChatCity platform. A concept bridge (CB1) establishes the correspondence between the concept 

Action of both ontologies, and a Property bridge (PB1) establishes the correspondences between the 

properties (performedBy and writtenBy) of those concepts. These representations of CBs, PBs, and the 

relation between CBs and PBs are described as in Figure 20.  
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Figure 19 – The partial view of the alignments resulting from the Mapping1 process for: a) ChitChatCity and b) 

OpenSim 

 

Figure 20 – Description of CBs, PBs and their relations in mapping1 

Despite this being a typically simple and short process, an automatic matching attempt can generate a first 

version by exploring the syntactical, structural and semantic dimensions of the ontology [163]. 

Subsequently a manual intervention may be required to insert, adjust or remove correspondences. Besides 

any occasional changes the ontologies suffer, the mapping1 process is performed only once between any 

pair of ontologies. 

6.2 Mapping2 

Mapping2 is the process that establishes correspondences between a specific domain choreography 

ontology (𝑂𝑃𝑖𝐷𝑑) and a choreography ontology of a specific VWP (𝑂𝑃𝑑𝐷𝑖).  

This process may be defined by the function 𝑓: 𝑚𝑎𝑝𝑝𝑖𝑛𝑔2(𝑂𝑃𝑖𝐷𝑑 , 𝑂𝑃𝑑𝐷𝑖, 𝐴1) → 𝐴2 such that 𝐴2 is the 

alignment resulting from the alignment of the 𝑂𝑃𝑖𝐷𝑑 and 𝑂𝑃𝑑𝐷𝑖 ontologies considering 𝐴1 alignment 

resulting from the mapping1 process. 

The 𝑂𝑃𝑖𝐷𝑑 ontology extends 𝑂𝑃𝑖𝐷𝑖
 which in turn is already aligned with the 𝑂𝑃𝑑𝐷𝑖 ontology through 𝐴1. 

Aiming to reduce time and effort, information from alignment1 (𝐴1) is reused, extended and refined to 

reflect the necessary correspondences between those ontologies. 

To guarantee the logical alignment consistency between ontologies, the 𝑚𝑎𝑝𝑝𝑖𝑛𝑔2 function must meet 

the following requirements: 
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 Because correspondences between foundational concepts are defined in the A1, 

correspondences in 𝐴2 can only be established between concepts created during the authoring 

process and target concepts not yet mapped; 

 A correspondence between concepts must be created if and only if there is already a 

correspondence between their super concepts. 

Figure 21 depicts an excerpt of a mapping2 alignment. New concepts were added to 𝑂𝑃𝑖𝐷𝑑  during the 

authoring process (some actions and roles) and some relations were refined. The added actions should 

now be related with actions of the 𝑂𝑃𝑑𝐷𝑖 ontology. In this sense, for each action a new CB is created 

(CB1.1 and CB1.2) to be aligned with the pretended action of 𝑂𝑃𝑑𝐷𝑖. The concept bridges CB1.1 and 

CB1.2 extend the definition of CB1 that aligns two top concepts of each ontology, thus being sub 

bridges36 of CB1.  

 

Figure 21 – The partial view of the alignments resulting from the mapping2 process for: a) ChitChatCity and b) 

OpenSim 

In Figure 21 a), as there is only one action (Write) in the ChitChatCity platform (𝑂𝑃𝑑𝐷𝑖), all actions of the 

𝑂𝑃𝑖𝐷𝑑 should be aligned with it.  

In Figure 21 b), the actions (Action1 and Action2) of the 𝑂𝑃𝑖𝐷𝑑 are aligned with distinct actions in the 

𝑂𝑃𝑑𝐷𝑖 (OpenSim platform) since they have different interpretation on the target platform. This example 

considers that during the staging of the choreography in OpenSim, the actions of type Action1 must be 

                                                      
36

 A sub bridge is an extension and a refinement of a bridge. It establishes a correspondence between sub 

concepts of the concepts related by a bridge. 



Ontology-based representation, transformation, maintainability and staging of multiuser and multi-domain 

choreographies in multiple Virtual Worlds 

81 

performed by Touch, while the actions of type Action2 should be performed by Chat. Therefore, the 

actions of type Action1 and Action2 of 𝑂𝑃𝑖𝐷𝑑 are aligned with Touch and Chat of 𝑂𝑃𝑑𝐷𝑖, respectively. 

Thus, all actions of the hierarchy of Action1 and Action2 are interpreted in OpenSim as corresponding to 

actions of the Touch and Chat type, respectively. 

In reference to Figure 21 a), the CBs and PBs resulting from mapping2 are represented in Figure 22. 

 

Figure 22 - Description of CBs, PBs and its relations in mapping2 for ChitChatCity platform 

Like mapping1, mapping2 can be at least partially automated through the use of automatic matchers, 

which will profit from the matching anchors established in A1 [170], [189]. 

6.3 Generating a choreography 

The generation of choreography ready to be staged in a specific VWP is a new fully automatic ontology 

transformation process. This process may be defined by the function 

𝑓: 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛(𝑂𝑃𝑖𝐷𝑑 , 𝑂𝑃𝑑𝐷𝑖, 𝐴2) → 𝑂𝑃𝑑𝐷𝑑.  

Concepts, constraints and instances from 𝑂𝑃𝑖𝐷𝑑 ontology are replicated and adapted to the 𝑂𝑃𝑑𝐷𝑑 

ontology according to correspondences defined in Alignment2 (𝐴2). 

The transformation process can be described by the following steps: 

1. The taxonomy of each 𝑂𝑃𝑖𝐷𝑑 ontology concept (hierarchical structure considering the concept as 

root) added during the authoring process is replicated into the 𝑂𝑃𝑑𝐷𝑑 according to the 

correspondences in 𝐴2. The whole taxonomy below the concept is copied to ensure that all 

expressiveness and restrictions developed in the authoring process will be available in the target 

ontology. 

2. For each copied sub-concept in the target ontology (𝑂𝑃𝑑𝐷𝑑), their properties and relations are set 

based on the correspondences. Simultaneously, the restrictions applied to each source sub-concept are 

also replicated to the corresponding target sub concept in accordance with the defined alignments. 

3. Each instance of the source ontology is replicated to the target ontology.  

Consider CB and PB as correspondences (or bridges). CB represents the correspondence between one 

concept from the source ontology and one concept from the target ontology. PB represents the 

correspondence between one property from the source concept and one property from the target concept. 

ID SubBridgeOf
Source 

Concept (OPiDd)

Target 

Concept (OPdDi)
ID

Source 

Property (OPiDi)

Target 

Property (OPdDi)

Concept 

Bridge

Property 

Bridge

CB1 Action Action PB1 performedBy writtenBy CB1 PB1

CB2 Role Role CB1.1 PB1

CB1.1 CB1 Action1 Write CB1.2 PB1

CB1.2 CB1 Action2 Write

Concept Bridge CB-PB relationProperty Bridge



 

Mapping 

82 

The algorithm executed in this process is as follows: 

Algorithm - The transformation process 

1. Transformation(Alignment A2) { 

2.   processConceptBridges(A2) 

3.   processPropertyBridges(A2) 

4.   processInstances(A2) 

5. } 

6.  //[step 1] 

7.  processConceptBridges(Alignment A2) { 

8.   for each CB in A2.getListOfConceptBridges() { 

9.    SC = CB.getSrcConcept() 

10.   TC = CB.getTgtConcept() 

11.   createConceptHierarchy(SC, TC) 

12.  } 

13. } 

14. createConceptHierarchy(SC, TC) { 

15.  for each srcSubConcept in SC.getListOfSubConcepts(){ 

16.   if(not A2.existCBforSrcConcept(srcSubConcept)){ 

17.    tgtSubConcept = TC.createSubConcept(srcSubConcept) 

18.    createConceptHierarchy(srcSubConcept, tgtSubConcept) 

19.   } 

20.  } 

21. } 

22. //[step 2] 

23. processPropertyBridges(Alignment A2) { 

24.  for each CB in A2.getListOfConceptBridges() { 

25.   SC = CB.getSrcConcept() 

26.   TC = CB.getTgtConcept() 

27.   for each srcSubConcept in SC.getListOfSubConcepts() { 

28.    if(not A2.existCBforSrcConcept(srcSubConcept)){ 

29.     copyPropertiesToSubConcepts(CB, srcSubConcept, TC) 

30.     copyRestrictionsToSubConcepts(CB, srcSubConcept, TC) 

31.    } 

32.   } 

33.  }  

34. } 

35. copyPropertiesToSubConcepts (CB, srcSubConcept, TC){ 

36.  tgtSubConcept = TC.getCrrsSubConcept(srcSubConcept) 

37.  listPB = CB.getListOfPropertyBridges() 

38.  for each PB in listPB { 

39.   SP = PB.getSrcProperty() 

40.   TP = PB.getTgtProperty() 

41.   tgtSubConcept.createProperty(TP) 

42.  } 

43. } 

44. copyRestrictionsToSubConcepts (CB, srcSubConcept, TC){ 

45.  if(srcSubConcept.hasRestrictions()){ 

46.   tgtSubConcept = TC.getCrrsSubConcept(srcSubConcept) 

47.   TR = tgtSubConcept.createRestriction() 

48.   for each SR in srcSubConcept.getListOfRestrictions() { 

49.    TR.copyRestriction(SR) 

50.   } 

51.  } 

52. } 
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The processInstances() method (line 4 of the algorithm) can be executed by third-party tools to translate 

source ontology instances into target ontology instances, such as MAFRA toolkit37, Rhizomik38, Altova 

MapForce39 and TOPBRAID SPINMap 40.  

To better understand how the transformation process works, a small example is presented. Assume that 

the authoring process aims to represent two types of action: GrabScrewDriver and SayStart. For the sake 

of organization, GrabScrewDriver is considered a subtype of ManipulateAction and SayStart a subtype of 

CommandAction. There are two distinct types of roles: Supervisor and Mechanic, which in turn has an 

M1 subtype. The ManipulateAction must be performed by Mechanic, the GrabScrewDriver must be 

performed by M1, and the CommandAction by Supervisor. 

The choreography will be transformed for ChitChatCity and OpenSim platforms. The ChitChatCity 

platform models one action only (Write) and OpenSim models the actions Touch, Chat, Detach, Attach 

and Go (Figure 15).  

For this example, an excerpt of the authored 𝑂𝑃𝑖𝐷𝑑 ontology is depicted in Figure 23. 

 

Figure 23 - An excerpt of 𝑂𝑃𝑖𝐷𝑑  ontology after authoring 

CBs and PBs in 𝐴1 are defined to link the elementary concepts and properties of 𝑂𝑃𝑖𝐷𝑖 and 𝑂𝑃𝑑𝐷𝑖, e.g., 

CB1 links 𝑂𝑃𝑖𝐷𝑖 :Action with 𝑂𝑃𝑑𝐷𝑖:Action, CB2 links 𝑂𝑃𝑖𝐷𝑖 :Role with 𝑂𝑃𝑑𝐷𝑖:Role, and PB1 links 

𝑂𝑃𝑖𝐷𝑖 :performedBy with 𝑂𝑃𝑑𝐷𝑖:writtenBy, (cf. 6.1) . 

In 𝐴2 new alignments are defined for the types of action that have been added during the authoring 

process. In the ChitChatCity platform there is only one action, hence all new types of action of 𝑂𝑃𝑖𝐷𝑑 

should be aligned with it (simply align the new top concepts). Two CBs (CB1.1 and CB1.2) align the two 

                                                      
37

 http://mafra-toolkit.sourceforge.net/ 
38

 http://rhizomik.net/html/redefer/#XML2RDF 
39

 http://www.altova.com/mapforce.html 
40

 http://www.topquadrant.com/technology/topbraid-platform-overview/ 
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new actions (𝑂𝑃𝑖𝐷𝑑 :ManipulateAction and 𝑂𝑃𝑖𝐷𝑑 :CommandAction) with 𝑂𝑃𝑑𝐷𝑖:Write. On the other hand, in 

this example for OpenSim, commands are interpreted as verbal actions and should be performed by Chat, 

while actions involving manipulation are performed by Touch. Thus, for OpenSim we also define two 

CBs (CB1.1 and CB1.2) but with different alignments: 𝑂𝑃𝑖𝐷𝑑 :CommandAction) is aligned with 𝑂𝑃𝑑𝐷𝑖:Chat 

and 𝑂𝑃𝑖𝐷𝑑 :ManipulateAction is aligned with 𝑂𝑃𝑑𝐷𝑖:Touch. Figure 24 depicts 𝐴2 for this example. 

 

Figure 24 - An excerpt from the example representing the alignment2 for: a) ChitChatCity and b) OpenSim 

Based on the alignment 𝐴2, the transformation algorithm creates new concepts and properties in 𝑂𝑃𝑑𝐷𝑑, 

described as follows: 

 In the first step, the concepts are processed. For each CB, the hierarchy of the concept of 𝑂𝑃𝑖𝐷𝑑 

that is aligned is created in the 𝑂𝑃𝑑𝐷𝑑 ontology. This is done by the method 

createConceptHierarchy(SC, TC) ([step1] lines 7-13 of the algorithm); 

 In the second step, the properties are processed. For each CB, all sub-concepts of the 𝑂𝑃𝑖𝐷𝑑 

concept are scanned, and according to all PBs associated with this concept, the corresponding 

property in 𝑂𝑃𝑑𝐷𝑑 ([step2] line 29) is created and after that, the existing restrictions are added 

([step2 ] line 30). 

An excerpt of the 𝑂𝑃𝑑𝐷𝑑 ontology resulting from the execution of this algorithm is depicted in Figure 25 

and more formally represented in Figure 26. 
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Figure 25- An extract of 𝑂𝑃𝑑𝐷𝑑 ontology for: a) ChitChatCity and b) OpenSim 

Although this is an automatic process, choreographers can intervene and edit the resulting 𝑂𝑃𝑑𝐷𝑑 

ontology for additional adjustments. Thus, the 𝑂𝑃𝑑𝐷𝑑 ontology may be further tweaked to best suit the 

implementation platform. Figure 25 depicts an extract of 𝑂𝑃𝑑𝐷𝑑 ontology for ChitChatCity and OpenSim 

platforms. 

In the Figure 25 a) example, the transformation algorithm has the following behavior: 

 Step 1: According to the CB1, none of the sub-concepts of 𝑂𝑃𝑖𝐷𝑑 :Action (the concept Action of 

the 𝑂𝑃𝑖𝐷𝑑 ontology) are replicated because they have particular correspondences in concept 

bridges CB1.1 and CB1.2. In the processing of CB1.1, the 𝑂𝑃𝑖𝐷𝑑 :ManipulateAction’s hierarchy is 

replicated to the concept 𝑂𝑃𝑑𝐷𝑑:Write, i.e. 𝑂𝑃𝑖𝐷𝑑 :GrabScrewDriver is replicated as sub-concept 

of 𝑂𝑃𝑑𝐷𝑑:Write. Similarly, in the processing of CB1.2, the 𝑂𝑃𝑖𝐷𝑑 :CommandAction’s hierarchy is 

replicated to the concept 𝑂𝑃𝑑𝐷𝑑:Write, i.e. 𝑂𝑃𝑖𝐷𝑑 :SayStart is replicated as sub-concept of 

𝑂𝑃𝑑𝐷𝑑:Write. According to CB2, the 𝑂𝑃𝑖𝐷𝑑 :Role´s hierarchy is replicated to the concept 

𝑂𝑃𝑑𝐷𝑑:Role, i.e. 𝑂𝑃𝑖𝐷𝑑 :Supervisor, 𝑂𝑃𝑖𝐷𝑑 :Mechanic and 𝑂𝑃𝑖𝐷𝑑 :M1 are replicated as sub-concepts 

of 𝑂𝑃𝑑𝐷𝑑:Role. 

 Step 2: in accordance with PB1 (which is associated with the CB1), the property 𝑂𝑃𝑑𝐷𝑑:writtenBy 

is created for all concepts of 𝑂𝑃𝑑𝐷𝑑 that have been replicated based on sub-concepts of 

𝑂𝑃𝑖𝐷𝑑 :Action. Then the restrictions of concepts that are replicated are also replicated. 
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a)  
// 𝑂𝑃𝑑𝐷𝑑

 (ChitChatCity) 

 
Action ⊑ Thing ⊓ Ǝ writtenBy.Role 
Write ⊑ Action ⊓ Ǝ writtenBy.Role ⊓ Ǝ text.string 
GrabScrewDriver ⊑ Write ⊓ Ǝ writtenBy.M1 ⊓ Ǝ text.string 
SayStart ⊑ Write ⊓ Ǝ writtenBy.Supervisor ⊓ Ǝ text.string 
Role ⊑ Thing 
Supervisor ⊑ Role 
Mechanic ⊑ Role 
M1 ⊑ Mechanic 
. . . 
 

b) 
// 𝑂𝑃𝑑𝐷𝑑

 (OpenSim) 

 
Action ⊑ Thing ⊓ Ǝ executedBy.Role 
Touch ⊑ Action ⊓ Ǝ executedBy.Role 
GrabScrewDriver ⊑ Touch ⊓ Ǝ executedBy.M1 
Chat ⊑ Action ⊓ Ǝ executedBy.Role 
SayStart ⊑ Chat ⊓ Ǝ executedBy.Supervisor 
Attach ⊑ Action ⊓ Ǝ executedBy.Role 
Detach ⊑ Action ⊓ Ǝ executedBy.Role 
Go ⊑ Action ⊓ Ǝ executedBy.Role 
Role ⊑ Thing 
Supervisor ⊑ Role 
Mechanic ⊑ Role 
M1 ⊑ Mechanic 

. . . 

Figure 26- The DL representation of the 𝑂𝑃𝑑𝐷𝑑 ontology extract for: a) ChitChatCity and b) OpenSim 

6.4 Maintainability of choreography 

Virtual worlds and choreographies do not represent something rigid and unchangeable. They may face 

changes over time to adapt to new realities and needs. 

Changes in the choreography may occur by addition or removal of new concepts, or changes in the rules 

or the roles of the actors. Since the alignments between ontologies (𝑂𝑃𝑖𝐷𝑖 and 𝑂𝑃𝑑𝐷𝑖, and 𝑂𝑃𝑖𝐷𝑑 and 

𝑂𝑃𝑑𝐷𝑖) define the correspondences that allow the transformation of an ontology into another ontology, it 

is only necessary to intervene if it involves changes in the alignments. They need to be adjusted when new 

concepts or properties requiring particular correspondence with concepts or properties of another 

ontology are added. However, when an added concept is a sub-concept of an already aligned concept, 

changes are not required since the correspondence between ontologies is already established by its 

hierarchically super concept. Removal of entities does not require any intervention for the following 

reasons: (1) if the removed entity is not aligned it means that it does not have any interference in the 

transformation process, but (2) if the removed entity is aligned then during the transformation process 
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only valid correspondences are processed, i.e., the referred entities must exist on both ontologies, 

otherwise this correspondence is discarded. 

 

Figure 27 – Changes applied to a choreography 

For example, Figure 27 depicts a set of changes applied to a choreography which includes modifications 

on restrictions, and the creation of a new concept (Super1). Moreover, in the OpenSim platform, all 

actions are now performed by Chat even those that were performed by Touch. For all these changes, it is 

only necessary adjust the alignment concerning ManipulateAction. Its correspondence with Touch must 

be changed to Chat therefore its concept bridge (CB1.1) needs to be changed. All other changes, 

particularly on the restrictions and the creation of new concepts are handled automatically by the 

transformation algorithm. 

6.5 Summary 

The Mapping component includes three process and six artefacts (four ontologies with different levels of 

abstraction and two alignments).  

Mapping1 is the process that aligns domain-independent ontologies, i.e., 𝑂𝑃𝑖𝐷𝑖 and 𝑂𝑃𝑑𝐷𝑖, giving rise to 

alignment1.  

Mapping2 is the process that aligns a domain-dependent ontology yet platform-independent ontology 

(resulting from the authoring process) with the platform-dependent but domain-independent one, i.e., 

𝑂𝑃𝑖𝐷𝑑 and 𝑂𝑃𝑑𝐷𝑖, giving rise to alignment2.  

Generation is the process that creates a new ontology (𝑂𝑃𝑑𝐷𝑑) that is both domain and platform-

dependent, intended to be used in a particular platform. Based on 𝑂𝑃𝑖𝐷𝑑 ontology and according to 
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alignment2, the concepts, properties and restrictions added during the authoring process are replicated 

into 𝑂𝑃𝑑𝐷𝑖 giving rise to 𝑂𝑃𝑑𝐷𝑑 ontology. 
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Chapter 7 

 

STAGING 

Staging is the component that makes it possible to stage a choreography in a VWP through a special 

computer program called Stage Manager compatible with that VWP. Staging includes an automatic 

execution process that commands the progress of a choreography based on the 𝑂𝑃𝑑𝐷𝑑
 (𝑇𝐵𝑜𝑥) and 

respective instances (𝐴𝐵𝑜𝑥). Another important key point of the staging component is to ensure that, 

during the staging of a choreography, the KB (𝑇𝐵𝑜𝑥 + 𝐴𝐵𝑜𝑥) (cf. section 3.1) remains consistent, i.e. 

semantically valid. 

7.1 The execution process 

The execution process has an eight-fold purpose: 

1. Monitors the VW and the behavior of actors. Any changes (considered relevant) in the VW should be 

detected in order to maintain the VW’s state always up-to-date. It should also capture the actors’ 

actions (i.e. when the actions are triggered) to validate them according to the rules of the 

choreography; 

2. Evaluates whether it is possible to perform the actions, verifying its necessary pre-conditions, i.e., for 

each action it analyses the current state of the world and checks if all pre-conditions for that action are 

met; 
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3. Evaluates whether it is possible to conclude the actions, verifying its post-conditions, i.e., analyses if 

the effects of the execution of each action leaves the state of the world in a situation that preserves 

the consistency of the KB (not introducing contradictory information); 

4. Evaluates whether an actor is a potential candidate to perform an action, i.e., analyses if an actor plays 

an appropriate role for the triggered action; 

5. Evaluates whether an actor is an effective candidate, i.e., analyzes if, as a result of the execution of an 

action, the change(s) in the actor’s role preserve(s) the consistency of the KB; 

6. Records, in the 𝐴𝐵𝑜𝑥, the actions performed by the actor; 

7. Updates the KB so it reflects the new state of the VW. When changes are detected to the state of the 

VW because the environment has been modified or due to the execution of actions, the KB is 

immediately updated to reflect those changes thus remaining up-to-date; 

8. Gives feedback to actors about the actions they triggered in the choreography context. After the 

action validation, the result is communicated to the actor responsible for the action through the VWP 

interface.  

This process is defined by the function 𝑓: 𝑒𝑥𝑒𝑐𝑢𝑡𝑖𝑜𝑛(𝐾𝐵, 𝑓𝑎𝑐𝑡𝑠) → 𝐾𝐵′ such that: 

 𝐾𝐵 is the source knowledge base containing (i) the representation of the choreography (i.e. 

𝑇𝐵𝑜𝑥 and 𝐴𝐵𝑜𝑥), (ii) axioms describing the actions performed as well as the current state of 

the world; 

 𝑓𝑎𝑐𝑡𝑠 is an ordered list of triples in the form of 〈𝑠𝑢𝑏𝑗𝑒𝑐𝑡, 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒, 𝑜𝑏𝑗𝑒𝑐𝑡〉 that 

represents the sequence of statements inserted into the 𝐾𝐵. 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 is the reference of a 

concept, 𝑜𝑏𝑗𝑒𝑐𝑡 is the reference of a concept or a literal, and 𝑝𝑟𝑒𝑑𝑖𝑐𝑎𝑡𝑒 is the reference of a 

property representing the relation between 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 and 𝑜𝑏𝑗𝑒𝑐𝑡. These facts can be of two 

different types: (1) actions performed by actors along the staging of the choreography in the 

form of 〈𝑎𝑐𝑡𝑖𝑜𝑛, performedBy, 𝑎𝑐𝑡𝑜𝑟〉, and (2) facts updating the states of the world or the 

state of the choreography in the form of 〈𝑠𝑡𝑎𝑡𝑒, hasValue, 𝑣𝑎𝑙𝑢𝑒〉. Only these two types of 

facts are accepted to ensure that the structure of the 𝑇𝐵𝑜𝑥 is not changed; 

 𝐾𝐵′ is the knowledge base resulting from the integration of the 𝑓𝑎𝑐𝑡𝑠 into the source 

knowledge base (𝐾𝐵). 

Thus, the execution of actions and changes in the state of the world must update the knowledge base by 

introducing new facts or alter the existing ones in the 𝐴𝐵𝑜𝑥 component. 
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7.2 Staging a Choreography 

After the authoring of the choreography and its further transformation, the cycle of adapting a generic 

choreography to a specific VWP is not closed. Bearing in mind that one of the main purposes of a 

choreography is its staging, it is essential to understand how the execution process deals with the 

choreography knowledge base. 

The transformed choreography cannot be seen only as a repository of facts and rules, it is more than that. 

As described in section 3.1, ontologies offer particularly relevant features when associated with a 

reasoning engine, such as consistency checking, instance checking, role verification and dynamic 

classification of instances. Therefore, it is important to define how these features can be exploited. For 

that, the Stage Manager component is proposed, whose architecture is depicted in Figure 28, and its 

integration into the overall system architecture is depicted in Figure 12. The Stage Manager architecture 

aims to generalize the execution process, enabling the staging of a choreography in potentially any VWP. 

It ensures a separation between VWPs and the KB of the choreography, while maintaining a strong 

synchronization between these two components. 

7.3 The Stage Manager Architecture 

The Stage Manager is composed by a number of other smaller components, as depicted in Figure 28. 

  

Figure 28– The components diagram of the Stage Manager  

Two of these components, VirtMan and UIAGen are dependent on the VWP. VirtMan needs to directly 

access the internal information of this platform and therefore it has to be adapted to their technical 

peculiarities. UIAGen does not need access to the VWP but handles information in a particular way given 

each VWP. However, all other components remain completely independent from any VWP. 
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Despite the Planner and NpcMan components are not considered indispensable to stage the 

choreography, they offer additional functionalities. 

These components and their functionalities are described in the next sections. 

7.3.1 ChorMan 

ChorMan (abbreviation of Choreography Manager) component has the competence to manage the 

choreography and respective information of the KB. It serves as an interface between the KB and the 

components directly related to the VWP, i.e. that depend on the VWP. 

An API is usually provided by the VWP so that programs can be developed to communicate with the 

platform and access the internal information of VWP and of the VW. Each platform implements its API, 

in specific programming language (or languages). This lack of uniformity in the use of programming 

languages for interconnection with VWPs suggests the need to implement a ChorMan component in each 

of the specific languages. To prevent this, ChorMan should be kept free of the different API 

implementation languages of VWPs. Depending on the characteristics of each platform different paths 

can be followed for solving this problem but, whatever the approach taken, one must guarantee the 

independence of the component from the VWP. 

In this context, it is proposed that ChorMan should provide an API to regulate the interaction of external 

modules with the KB, with the following features grouped by type of responsibility (cf. Figure 29): (1) to 

provide information from the KB, (2) to make the necessary changes on the KB concerning the states of 

the VW, (3) to ensure that the consistency of the KB is not violated, preventing wrong behaviors by the 

actors, and (4) to provide a plan of actions able to achieve the goals of the choregraphy. 

 

Figure 29 – The ChorMan component 
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7.3.1.1 Provide information from the knowledge base 

Obtain information from the KB is provided by the following API methods: 

getSubConceptsOf(concept) – returns the list of concept types that are subtypes of concept; 

getPropertiesOfConcept(concept) – returns a list of properties associated with the concept concept; 

getActions() – returns a list of actions, i.e., all sub-classes of the class “Action”, i.e. equivalent to 

getSubConceptsOf(“Action”); 

getObjects() – returns a list of object, i.e., all sub-classes of the class “Object”; 

getActionsUponObjet(object) – returns a list of actions which operate upon the object object; 

getObjectForAction(action) – returns the type of object upon which the action action is performed; 

getPropertyValueOfConcept(concept,property) – returns the value of the property property concerning the concept 

concept. 

7.3.1.2 Change information of the knowledge base 

Only an API method is proposed for changing the information in the KB: 

setState(state,value) – updates the state state to the value value. 

Despite the actions of the actors being inserted in the KB, this functionality is not directly available by the 

API. Instead, ChorMan performs this task internally after checking that the actions resulting from the 

behavior of actors are valid. This task is requested by VirtMan or NpcMan by calling the method 

behaviour(actor,action) (as described in section 7.3.1.3). 

7.3.1.3 Ensure the integrity of the knowledge base 

In order to maintain the integrity of the KB, the indiscriminate insertion of facts in the KB is forbidden, 

because they may cause inconsistencies in the KB. Since there are rules and restrictions defined upon the 

actions, actors and their relations, inconsistencies could be easily inserted in the KB. To prevent errors 

and always ensure the integrity of the KB, each action triggered by an actor is always validated, and it is 

added to the KB only after ensuring that such action is in accordance with the rules of ontology. In fact, 

although an action is foreseen in the choreography, it does not mean that its execution is appropriate, 

namely due to the state and conditions of the choreography. It is essential to check first whether the 

necessary conditions for its execution are met. 

Thus, to add an action and ensure the integrity of the KB, the following method is proposed for the API: 

behaviour(actor,action) – verifies if the action triggered by actor is valid, i.e., whether it is the right time to 

perform it, and if its effects don’t violate the integrity of the KB. To this end, a progressive validation is 

performed following the next three steps:  



 

Staging 

94 

1. Checks whether the necessary pre-conditions for this type of action are met in the KB. If 

preconditions are not fully met it means that it is not the appropriate time for the action to be 

performed; 

2. Checks if the actor is qualified to perform this action, i.e. if he/she/it plays an appropriate role for 

such action. To this end, an instance of this action is created in the KB relating it to the actor who 

requested it, and the reasoner immediately checks if consistency is maintained; 

3. Checks if the post-conditions can occur, i.e. if the effects of the action may be applied without 

jeopardizing the integrity of the choreography. The post-conditions described by this type of action 

are applied, and the reasoner checks if consistency is maintained. 

The result of the validation is returned indicating one of the following situations: (1) preconditions are not 

met, because step 1 fails, (2) this is an unauthorized action, because step 2 or step 3 fails, and (3) this 

action is correct, because the three steps were successful. 

 

Figure 30 – The sequence diagram representing the validation of a triggered action by an actor 

After an action is considered valid, the KB is updated, the action is added and states are modified 

according to their respective post-conditions. 
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When an inconsistency is detected, the changes made to the KB are canceled, i.e. the facts inserted during 

this validation are removed from the KB so it returns to its initial state. 

The interactions undertaken to validate an action triggered by a human/virtual actor are represented in the 

UML sequence diagram depicted in Figure 30. 

7.3.1.4 Provide a plan of actions 

ChorMan may provide a plan of actions able to achieve the choreography’s goals. This functionality is 

provided by the following API method: 

getPlan() – returns an action plan, i.e. a list of actions which is able to drive the staging of the current state 

of the world to the desired end state (goals of the choreography). If it is not possible to find a solution (a 

set of actions) that allows achieving the goals of the choreography, the return plan will be an empty set. 

The plan of actions is calculated by an external planner with ability to interpret a representation based on 

STRIPS style, i.e. actions are represented with pre- and post-conditions. The calculation of the plan of 

actions is represented by the sequence diagram depicted in Figure 31. 

 

Figure 31 – The sequence diagram representing the calculation of the plan of actions 

7.3.2 Knowledge Base 

The KB is the component that includes in the choreography ontology (𝑂𝑃𝑑𝐷𝑑) both the 𝑇𝐵𝑜𝑥 and 𝐴𝐵𝑜𝑥 

regarding the staging, particularly, the states of the VW and the choreography, actions that have been 

performed and the different roles that actors have played. 

7.3.3 Reasoner 

The Reasoner is a key component that is used in conjunction with the KB, performing a dual function: (1) 

infers implicit semantic information based on the explicitly declared, enabling automatic classification of 

instances based on the facts of the KB and (2) validates the KB by checking whether its state is consistent, 

in an automatic and constant fashion. This second functionality is particularly important because it allows 

monitoring the impact of actions on the KB, i.e. it checks whether the execution of an action introduces 

changes that leave the KB inconsistent. Any changes made inside the KB, i.e. insertion or removal of facts 

and changes in relationships automatically trigger the execution of the reasoner that checks if the semantic 

ChorMan Knowledge Base Planner

calculatePlan(r)
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r: result

getInfo()
getPlan()

plan: result



 

Staging 

96 

integrity of the KB remains consistent. When attempting to execute an action causes inconsistencies in the 

KB, the action is ignored and the changes associated with it are canceled, and the information is restored 

to the state in which it was prior to the action (cf. Figure 30). 

7.3.4 UIAGen 

UIAGen (abbreviation for User Interface Action Generator) has the responsibility of establishing a bridge 

between the type of actions of the VWP and the type of actions of the choreography. In order to monitor 

the choreography within the VWP, it is necessary to know the actions of the choreography. However, it is 

not possible to directly compare the type of actions performed on a VWP with those in the choreography, 

since the latter are related to a specific application domain and are not part of the actions recognized 

directly by the VWP. The actions of the choreography have a semantics that must be incorporated in the 

VWP. The UIAGen component should perform this task, providing the various types of action of the 

choreography ontology (𝑂𝑃𝑑𝐷𝑑) inside the VWP. Given the interaction characteristics of each VWP, 

mechanisms should be created, enabling the association between the actions that actors perform in the 

VWP and the types of action of the choreography.  

The process carried out by UIAGen is then seen as the function 𝓊: 𝑢𝑖𝑎𝑔𝑒𝑛(𝑂𝑃𝑑𝐷𝑑) → ℒ𝑚, such that ℒ𝑚 

is a list of correspondences between the actions of the choreography and the actions of the VWP. This 

association is defined by a triple in the form of 〈𝑂𝑎𝑐𝑡𝑖𝑜𝑛, 𝑉𝑊𝑎𝑐𝑡𝑖𝑜𝑛, 𝑝𝑎𝑟𝑎𝑚〉 wherein 𝑂𝑎𝑐𝑡𝑖𝑜𝑛 is an 

action of the choreography, 𝑉𝑊𝑎𝑐𝑡𝑖𝑜𝑛 is an action of the VWP, and 𝑝𝑎𝑟𝑎𝑚 is additional information 

concerning 𝑉𝑊𝑎𝑐𝑡𝑖𝑜𝑛. 𝑝𝑎𝑟𝑎𝑚 can represent the object upon which the 𝑉𝑊𝑎𝑐𝑡𝑖𝑜𝑛 is triggered, the text 

of a chat message, etc.. 

Given the heterogeneity of the VWP, for each of them a specific UIAGen component should be 

implemented, in order to populate the ℒ𝑚 list according to its particular needs. The ℒ𝑚 list can be 

populated with information gathered from various sources, such as the KB (using the ChorMan’s API), a 

text file, etc. Thus, the use of UIAGen can be generalized as it provides a single interface that returns a list 

of correspondences. The responsibility to properly handle the information of this list is delegated to the 

external components that require it. 

This component has a setup function and therefore must be triggered at the beginning of the execution 

process. Only after that is it possible to recognize the actions of VWP as corresponding to actions of the 

choreography. 

Consider the following example where the goal is to stage the choreography, partially represented by the 

ontology 𝑂𝑃𝑖𝐷𝑑 depicted in Figure 32.  
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Figure 32 – A partial view of an 𝑂𝑃𝑖𝐷𝑑 ontology. 

Consider that the 𝑂𝑃𝑑𝐷𝑑 ontology for each the IM and OpenSim platforms (described in section 8.4.3) 

(Figure 33) were generated by the execution of the transformation algorithm based on the 𝑂𝑃𝑖𝐷𝑑 ontology 

of Figure 32. 

 

Figure 33 - A partial view of 𝑂𝑃𝑑𝐷𝑑 ontologies to be staged in: a) IM and b) OpenSim platforms 

For this example it is assumed that the interaction during staging is as follows: 

 In IM platform, every action is performed by pressing a specific button.  

 In OpenSim platform, actors “touch” objects to perform an action on them, and write “chat” 

messages to perform verbal actions. The actions available for each object must be presented via a 

menu, from which the actor chooses one. 

Based on these interaction requirements and the 𝑂𝑃𝑑𝐷𝑑 ontology, the list of correspondences created in 

UIAGen is depicted in Figure 34: 
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Figure 34 –list of correspondences populated by UIAGen for: a) IM and b) OpenSim platforms 

From the list of correspondences (ℒ𝑚), each VWP interprets its content as follows: 

 In IM platform, for every action Oaction in the list ℒ𝑚 a button is created. Pressing each of 

these buttons executes a different action of the choreography. 

 In OpenSim, when an actor writes the chat message "Start, now," the triples (<Oaction, 

VWaction, param>) from the list ℒ𝑚 are searched, looking for the match <Oaction, "Chat", 

"Start, now">. Because the Oaction (SayStart) matches the search, this action is performed. 

When an actor touches the object identified as “ScrewDriver”, the triples of the list are 

searched, looking for the match <Oaction, "Touch", "ScrewDriver">. From the results found, 

all the Oaction (GrabScrewDriver and DropScrewDriver) are presented in a menu, and the one 

chosen by the actor is performed. 

7.3.5 VirtMan 

VirtMan (abbreviation of Virtual world Manager) is the component with the responsibility of managing 

the choreography within the VW. For that the VirtMan component has two sub-responsibilities (1) inform 

the KB concerning changes of states in VW, and (2) ensure that the actors’ actions are in accordance with 

the choreography, as described below. 

1. The state of the VW is a relevant factor to be taken into account as it has direct impact on the 

progress of the staging. The KB contains information on the evolution of the staging and the state of 

the VW. Therefore it is essential that the information is always up to date to reflect the current state 

of the VW. By monitoring the VW and detecting whenever there’s a state change that is considered 

relevant to the choreography, VirtMan informs the ChorMan so the KB reflects this change. The 

states of VW may be influenced by the platform itself and by actors external to the choreography, 

which are not monitored but can influence it. For example, during the staging, an actor should open a 

door and get out but an actor external to the choreography stepped forward and opened the door first 

by changing their status. The modification of a state must be notified via the ChorMan’s API, using 

the method setState(state,value), as illustrated by the sequence diagram depicted in Figure 35.  

2. The actions that actors perform on the VW should be monitored to ensure that they match the 

choreography. VirtMan continuously monitors the behavior of actors and when it detects that one of 

them triggered an action, it identifies the type of action of the choreography. This identification is 

based on the mappings generated by UIAGen component at the beginning of the staging. Then the 

a) b)

Oaction VWaction param Oaction VWaction param

GrabScrewDriver Button "GrabScrewDriver" GrabScrewDriver Touch ScrewDriver

DropScrewDriver Button "DropScrewDriver" DropScrewDriver Touch ScrewDriver

SayStart Button "SayStart" SayStart Chat "Start, now"
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detected action is subject to verification to ensure that it is an appropriate action for the actor who 

triggered it, and also if the necessary conditions for its implementation are met. In order to know 

whether an action is valid, VirtMan requests its verification to ChorMan via its API, using the method 

behavior(actor,action), as illustrated by the sequence diagram depicted in Figure 36.  

 

Figure 35 - The sequence diagram representing the interactions to change a state of the VW  

 

Figure 36 - The sequence diagram representing the interactions to validate the behavior of an actor 

This component has a strong dependency to the VWP since it needs to access specific information 

provided by the platform sensors in order to monitor the virtual space. The VirtMan can be developed 

directly within the platform by changing the source code of the VWP. However, the majority of VWPs do 

not provide the source code. Some provide an API to interact with the VWP, most just a communication 

protocol for client applications. Thus, due to the characteristics of each VWP, there is a strong possibility 

of having to implement a VirtMan component compatible with this platform, able to interpret their 

specific information and establish communication with the ChorMan component. 

7.3.6 Planner 

The Planner’s responsibilities are played by a general-purpose planner (e.g. JPlan41). It has the ability to 

build an action plan that is able to reach the goals of the choreography. Based on the content of the KB 

and therefore considering the current state of the world, the planner calculates a sequence of actions that 

progressively changes the world into a desired state, i.e. the final state. 

The use of a planner is intended to assist the execution of the choreography when virtual actors play one 

or more characters. In addition, it can be used to check the feasibility of the choreography, i.e. whether 

starting from the current state allows achieving the goals of the choreography. 

The planning process is defined by the function 𝓅: 𝑝𝑙𝑎𝑛𝑛𝑖𝑛𝑔(𝐾𝐵) → ℒ𝒶, such that: 
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 http://sourceforge.net/projects/jplan/ 
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 𝐾𝐵 is the knowledge base of the choreography. It contains the representation of the 

choreography and the updated state of the world; 

 ℒ𝒶 is a list that contains a set of actions representing a solution to successfully perform the 

choreography. When a solution to the problem is not found, the ℒ𝒶 list contains an empty set. 

7.3.7 NpcMan 

NpcMan (abbreviation for NPC42 Manager) is the responsible component for controlling the behavior of 

virtual actors (NPC) during the execution of the choreography. It is initiated by ChorMan when the 

number of users is less than the number of actors needed to stage the choreography. 

NpcMan replaces human users by NPCs, endowing the VW with the actors’ behaviors to continue 

executing the choreography as planned. This component simulates the behavior of human users since it 

makes decisions on actions to be undertaken by each NPC. 

The process carried out by NpcMan is then seen as the function 𝓃: 𝑛𝑝𝑐𝑚𝑎𝑛(𝐾𝐵, ℒ𝑎 , ℒ𝑐) → 𝐾𝐵′ such 

that: 

 ℒ𝑐 is a list that contains the characters that are played or can be played by NPC; 

 𝐾𝐵′ is the knowledge base resulting from the execution of actions (from list ℒ𝑎  generated by 

the Planner) by the actors (from list ℒ𝑐). 

The interactions that occur between the NpcMan and other components are illustrated by the sequence 

diagram depicted in Figure 37, especially when NpcMan requests a plan of actions or the validation of an 

action triggered by an NPC.  

In the beginning of the staging, the NpcMan requests an action plan from ChorMan (using the method 

getPlan() via its API), based on which decision-making is made, including selection and distribution of the 

actions by NPCs. The NpcMan tracks the performance of human users and at the same time, participates 

in the progress of the choreography by controlling the performance of NPCs. Thus, it is able to detect 

deadlock situations that can lead to blockages in the choreography. 

Human users are autonomous agents with the ability to freely choose any action and, since they operate 

simultaneously with the NPC, they can compete directly with each other for the execution of the same 

actions. For this reason, it is considered important that all actors are aware of the actions taken by their 

teammates. The dissemination of information allows the actors to have an updated knowledge about the 

choreography. The aim is to prevent the attempt to perform actions that have already been performed by 

other actors and at the same time, assist the selection and distribution of actions by NPCs more 

objectively. NpcMan maintains this information updated and shared among actors controlled by it. When 
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 NPC is the abbreviation for non-player character, non-person character or non-playable character. It is a 

character that is controlled by the computer rather than a human user. 
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the execution of an action contained in list ℒ𝑎 is detected, NpcMan proceeds to its exclusion from this 

list, since such action has already been fulfilled and should not remain available. 

It is based on the ℒ𝑎 list that NpcMan selects the actions to be performed, distributing them by NPC. The 

NPC’s decision-making must prevent the execution of invalid actions, i.e., despite being valid, some 

actions might not contribute to the final goal or violate the integrity of the choreography. Therefore, the 

decision-making is not based on the set of all actions of the choreography but on a subset containing the 

actions that directly contribute to successfully achieve the goals of the choreography. 

The NpcMan’s decision mechanism has the following behavior: 

1. The actions that are in the ℒ𝒶 list are processed continuously and sequentially. This process ends 

when the list is empty or a blocking situation is found. Actions are handled sequentially, since it is 

considered that the planner will provide an unordered list of actions such that the evaluation of 

precedencies is delegated to ChorMan. 

2. For every action, a candidate for its execution is sought in the NPC’s characters list (ℒc). NPC 

checks if the action in question is marked as prohibited for the character. If so, the search moves 

to the next character in the list, otherwise the character is selected as a candidate. 

3. The request to perform the action is sent to ChorMan via its API using the behavior(actor,action) 

method. According to the response received, NpcMan proceeds as follows: 

 “Pre conditions are not met” – proceeds to the next action; 

 “Unauthorized action” – the action is considered invalid for the current character and 

therefore is added to its list of prohibited actions. Proceeds to the next character. 

 “Correct” – the action is removed from the list of actions (ℒ𝒶); 

When it is not possible to perform any action in the ℒ𝒶 list, it is considered that there is a deadlock 

situation. The reasons that can lead to this situation are: 

 It is impossible to meet the preconditions for any of ℒ𝒶 actions. Behind this situation may be 

the change of the state of the world by external elements to the choreography, that make its 

execution infeasible (temporarily or not). Human users are also the source of this problem, 

which should perform but do not perform (at least within a reasonable time), actions which 

take precedence over other actions;  

 The first step occurs over an excessive period of time, i.e., after a number of consecutive 

unsuccessful attempts. The problems described in step 1 can be temporary, and impediments 

finished after some time, so the possibility to wait for a certain period of time or number of 

attempts is considered. 
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Although being considered that a choreography is in a deadlock situation, this does not necessarily mean 

that its staging has to be abandoned. There may be other alternatives that still allow achieving the intended 

goals. Thus, replanning is requested to the ChorMan. 

 

Figure 37 – The sequence diagram representing the interactions between NpcMan and other components 

7.4 Summary 

Staging is the component that allows stage a choreography in a VW. Its architecture is composed by a set 

of sub components that consecutively delegate responsibilities to each other. Only two of these 

components are dependents on the VWP. While VirtMan must be implemented for each VWP, despite 

UIAGen being also dependent, it can be configured without needing to be implemented for each VWP. 

To support the validation of actors’ actions and to provide plans of actions, general-purpose reasoners 

and planners are purposed. 

The staging of a multiuser choreography can be performed by actors controlled by both human users and 

the computer. To represent computer-controlled actors, the NpcMan component is proposed. 

 

NpcMan

ChorMan

create()

getPlan()

plan: return

DeadLockDetector

create()

validate(r)

alert()

alt [users < actors]

behavior(actor, action)

r: result

getPlan()

plan: return

[deadLock = “TRUE”]alt

loop
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Chapter 8 

 

EXPERIMENTS 

8.1 Introduction 

This chapter presents the experiments carried out in order to assess the validity of the proposed ideas. To 

this end, several real-world choreographies were authored, transformed and staged in different multiuser 

platforms with very distinct characteristics.  

8.2 Method 

Experiments are a fundamental part of the design science method, as they provide the feedback for the 

iterative and hopefully incremental process leading to the solution. In this incremental process, the 

proposed ideas give rise to the implementation of a prototype that is tested and evaluated, feeding back 

the next design iteration.  

The performed experiments are therefore part of a decision-making process throughout the set of steps 

described in the previous chapters: 

 Scenarios - the identification and selection of the application domain and choreography to be 

performed; 

 Virtual worlds platforms – the identification and selection of VWPs for staging choreographies; 
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 Mapping1 process – define mappings for each VWP, between their particular choreography 

ontology and the generic choreography ontology; 

 Authoring process – authoring the choreography for each selected scenario; 

 Mapping2 process – define mappings for each VWP, between its particular 𝑂𝑃𝑑𝐷𝑖 ontology and 

each 𝑂𝑃𝑖𝐷𝑑 ontology resulting from authoring (each scenario); 

 Transformation process – running the transformation algorithm for each pair of choreography-

VWP, i.e. 𝑂𝑃𝑖𝐷𝑑 - 𝑂𝑃𝑑𝐷𝑖; 

 Execution process – performing the staging of each 𝑂𝑃𝑑𝐷𝑑 choreography in VWPs; 

 Evaluation – fetching and evaluating the staging results, which feeds back the next design 

iteration. 

The design science process included four iterations as depicted in Figure 38. 

 

Figure 38 - The four iterations of the experiments 

First, an ontology-based representation of STRIPS was created. For the initial experiments, an ontology 

was developed to represent a choreography regarding a fairy tale. The adaptation of the choreography to 

different platforms was based in XSLT transformations. This approach, transforms the choreography’s 

ontology into specific XML documents for each platform. The fairy tale choreography was staged in a 

java-based VWP developed internally by the research team. During this transformation process, the ability 

to reasoning on the ontology is lost. 

The prototype was revised and adjusted to transform the choreography’s ontology in another ontology 

more suitable to the staging platform. The MDE paradigm was adopted as the choreography development 
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process. The fairy tale choreography was transformed and staged in the IM43 (a kind of Chat environment) 

platform. 

Then, the representation of different application domains was addressed. The choreography’s 

representation was adjusted, and a system based on four ontologies was adopted with two domains of 

independence: platform-independence and domain-independence. Based on this representation, the 

transformation process was once again adjusted. Two choreographies (a F16 maintenance procedure, and 

the tale of Little Red Riding Hood) concerning different application domains were developed and staged 

in IM and OpenSim44 (a realistic 3D environment) platforms. 

Finally, the proposed approach and prototype were evaluated not only in different choreographies but also 

in different VWPs. A new choreography to represent handball tactics was created, and the SmartFox45 (a 

2.5D isometric environment) was adopted as additional staging platform. The following sections describe 

this last experiment. 

8.3 Scenarios 

Considering the domains that can benefit from the use of choreography (described in section 2.5.3), three 

examples involving quite different application domains were selected: (i) maintenance of military 

equipment, (ii) sports games and (iii) children's stories. 

8.3.1 Scenario1 – The installation of the F16 aircraft engine 

In the military equipment maintenance domain, the choreography involves the installation of an engine 

inside the fuselage of an F16 aircraft. According to the rules of the technical documentation of the aircraft 

engine operations, actions should be performed in an organized and synchronized fashion. The tasks must 

be performed by three technicians and supervised by a fourth element (the supervisor) [190]. As a matter 

of convenience, it is common practice that each team member plays a single distinct role and performs 

actions associated only with that role. 

Because this is an extensive, complex and detailed procedure [190] , the authored choreography is a sub-

part of the real choreography. For this scenario, it is assumed that - in the initial state - the aircraft engine 

is on top of an engine support trailer located in the rear of the fuselage. The procedure can be divided into 

two parts: 

1. Lifting the engine. In this test scenario, it is assumed that the procedure starts by positioning various 

members of the team. The team elements should assume positions as depicted in Figure 39. Then, 

each technician picks up a screw-driving machine and waits for the supervisor’s order. The supervisor 

                                                      
43

 Instant Messaging is a Chat-like platform developed in house for testing purposes. Its interface is composed by 

buttons representing the actions that can be executed. 
44

 http://opensimulator.org/ 
45

 http://www.smartfoxserver.com/ 
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should also move to the appropriate position in order to coordinate the actions of technicians. After 

the order is given, each technician uses the screw-driving machine and rotates a worm screw to raise 

the engine. These three actions (one per technician) must occur in a synchronized manner to maintain 

the engine level. When the engine is properly aligned with the fuselage, the supervisor indicates that 

the procedure is properly done and the technicians leave their screw-driving machines. 

2. Inserting the engine inside the fuselage. Two technicians must move to the front of the engine, one to 

the left and the other to the right. At the request of the supervisor each technician must rotate the 

crank on his/her side, causing the engine to slide into the fuselage. 

 

Figure 39 - Positioning of the equipment and team members for inserting the engine inside the fuselage of the F16 

aircraft 

8.3.2 Scenario2 – The children´s story of Little Red Riding Hood 

In the classic fairy tales domain, the choreography’s main goal is to stage the tale of Little Red Riding 

Hood (a widely known traditional children’s story). There are slightly different versions of this tale, but the 

best known are the versions of Charles Perrault46 (which was the first to publish the story) and of the 

Brothers Grimm47. With reference to the version of the story of Little Red Riding Hood told by British 

Council [191], a compact version that keeps the most relevant details was adopted. The story48 is described 

as follows and its storyboard is depicted in Figure 40. 

(1) Little Red Riding Hood lived in a wood with her mother. One day Little Red Riding Hood went to 

visit her granny. She had a nice cake in her basket.  

(2) On her way Little Red Riding Hood met a wolf. "Hello!" said the wolf. "Where are you going?" "I'm 

going to see my grandmother. She lives in a house behind those trees." 

(3) The wolf ran to Granny's house and ate Granny up. He got into Granny's bed. 

(4) A little later, Little Red Riding Hood reached the house. She looked at the wolf. "Granny, what big 

eyes you have!" "All the better to see you with!" said the wolf. "Granny, what big ears you have!" "All the 

                                                      
46

 http://en.wikipedia.org/wiki/Little_Red_Riding_Hood 
47

 http://en.wikipedia.org/wiki/Little_Red_Riding_Hood#Brothers_Grimm 
48

 http://www.storyjumper.com/book/index/14748862/Little-Red-Riding-Hood# 
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better to hear you with!" said the wolf. "Granny, what a big nose you have!" "All the better to smell you 

with!" said the wolf. "Granny, what big teeth you have!" "All the better to eat you with!" shouted the wolf. 

The wolf jumped out of the bed. 

(6) A woodcutter was in the wood. He heard a loud scream and ran to the house. 

(7) The woodcutter hit the wolf over the head. 

(8) The wolf opened his mouth wide and shouted and Granny jumped out. 

(9)The wolf ran away and Little Red Riding Hood never saw the wolf again. 

 

Figure 40 – storyboard49 of the little red riding hood 

8.3.3 Scenario3 – Team handball offensive tactics 

The third application domain is related to the teaching and learning of sports tactics, more specifically 

related to the training of handball coaches [14], [192]. The description of the tactic corresponds to a 

sequence of actions, concerning ball pass operations and movements by players. The adopted handball 

tactics consider a team of seven players with the following designations: P – Pivot; C – Centre back; RW – 

Right Wing; LW – Left Wing; RB – Right Back; LB – Left Back and G – Goalkeeper. However, the 

handball game has dynamic characteristics as the players are constantly in motion, attacking, defending or 

seeking a more advantageous position in relation to the opponent. In view of this, the position of the 

players cannot be referenced by only one single point of the stage. The playing field is divided into zones 

that players must use as a reference to guide their positioning. 

                                                      
49

 the storyboard was built based on the video of the British Council in: 

https://www.youtube.com/watch?v=GbzMC6qAzVU 
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The chosen tactic represents an attack called "attack with two pivots" [193], described as follows: 

The tactic begins with the players P, RW and C taking position in the zones Pz, RWz and Cz, respectively. 

The LB and LW players do not have an active participation in play, however, they should move to the 

LBz and LWz positions respectively, to strategically induce a greater spacing between the opposing players 

and facilitate the implementation of tactics. Then, the RB player advances with the ball and when he/she 

arrives to the RBz zone, he/she performs a pass to the RW player. After receiving the ball, the RW moves 

to the Pz zone and, when positioned there, passes the ball to player C that performs the shot on goal. 

Since it is an attack, the role of the goalkeeper (G) of the attacking team was neglected. The play scheme is 

depicted in Figure 41. 

 

Figure 41 - The tactic scheme of "attack with two pivots” 

8.4 Virtual worlds 

In this section the VWPs adopted in the experiments are identified and critically selected based on 

requirements that enable the implementation of choreographies staging, as following: 

 Multiuser ability; 

 Providing access to the actions of users; 

 Allowing the development of plugins to communicate with external modules; 

 Allowing full access to the server to fully control the experiment. 

Despite the significant amount of existing VWPs, it was found that most of them did not fit the desired 

requirements, which made the choice a little more difficult. 

Some are proprietary platforms that don’t allow developing code to interact with the server, which 

strongly hinders their use (e.g. Habbo Hotel50, Club Penguin). 

                                                      
50

 https://www.habbo.com/ 
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On the other hand, some platforms allow the development of code for the VW, but do not meet the 

necessary conditions to be elected. The problems found were of various kinds, such as malfunctioning of 

avatars (VastPark51), lack of complete supporting documentation (OpenWonderland52), the usage of less 

conventional programming languages which would require extensive learning periods (OpenCobalt53), and 

platforms that have been disabled or are inaccessible for long periods of time (There54, Sirikata55). 

Further, the access to the platform can be free (e.g. OpenSim, SmartFoxServer) or paid through a 

subscription (e.g. Habbo Hotel, Club Penguin, ActiveWorlds, There, and Blue Mars56). 

From the platforms readily available online, OpenSimulator and SmartFoxServer were chosen. 

Additionally, a third platform internally developed by the research team was adopted for more extra 

custom testing. It is an instant messaging platform (a kind of Chat environment), that has a text-based 

interface with some similarities to the style of MUDs. This platform has characteristics that differ greatly 

from OpenSim and SmartFox, since it does not allow the graphical representation of scene objects, but it 

enables the development of a team’s choreography nonetheless, serving as a text-based VW (a kind of 

MUD, cf. section 2.4). 

8.4.1 Platform 1 - OpenSimulator 

Considering the description of the OpenSimulator (aka OpenSim) VWP in section 2.4, the relevant 

features motivating its selection are: 

 Allows installation of a local server, creating a fully controlled VW; 

 Allows creation of 3D virtual spaces; 

 Allows developing extensions to produce more specialized applications; 

 Allows simultaneous online access to multiple users; 

 Supports scripting within the VW using various languages. 

The following tools were used in the deployment and adaptation of this platform: OpenSim server 0.7.4, 

Libomv API 0.8.3 and C# to develop extensions to interact with the VWP and communicate with 

external modules (UIAGen and VirtMan). 

8.4.2 Platform 2 - SmartfoxServer Pro 

SmartFox was previously described in section 2.4. The relevant features allowed by SmartFox motivating 

its selection are: 

                                                      
51

 http://www.vastpark.com/ 
52

 http://openwonderland.org/ 
53

 http://www.opencobalt.org/ 
54

 http://www.there.com/ 
55

 http://www.sirikata.com/ 
56

 http://www.bluemars.com/ 
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 Allows installation of a local server, creating a fully controlled VW; 

 Allows creating extensions on the server (plugins) to extend its functionality, enabling 

communication with external systems; 

 Provides development APIs for a set of client platforms like Flash, iOS (iPhone/iPad), Java SE 

and Android, .NET, and Mono. 

The following tools were used in the deployment and adaptation of this platform: SmartFoxServer Pro 

1.6.6 server, JDK 1.7.0_15 to develop extensions for the server and the UIAGen component, SmartFox 

flash API and Action Script 3 to implement the client application (VirtMan). 

8.4.3 Platform 3 - Instant Messaging (IM) 

This Instant Messaging (IM) multiuser platform was developed specifically for this thesis, for 

prototyping/testing purposes. The deployed prototype allows teams with an unlimited number of users to 

train the actions of a choreography. It implements a client/server architecture and the ability to run the 

client component in geographically remote locations. It has low hardware and software requirements and 

because it was developed in Java, it is possible to deploy and to use it in any system that provides a Java 

Virtual Machine (JVM), namely mobile devices. 

The client component provides a generic and simple interface, allowing the training of any choreography 

regardless of the application domain. Although this platform does not include the visual representation of 

objects, it allows one to emulate various aspects of chat-like VWPs. It allows one to send text messages, 

thus enabling the staging of a choreography by the elements of a team. Buttons represent the actions of 

the choreography and the interaction is performed by pressing these same buttons. When an action is 

successfully performed the result is communicated to all team members through a log message. 

JDK 1.7.0_15 was used in the deployment and adaptation of this platform. 

8.5 Implementation 

A prototype was developed as test-bed for the experiments. The prototype includes the implementation of 

the Representation and Mapping components, as well as an implementation of the Staging component (cf. 

Figure 10). Following the Design Science method, the prototype was refined and improved iteratively. 

The majority of the components and processes were developed using the Java language, with the 

exception of components with dependencies to the VWPs (VirtMan) that were developed according to 

the impositions of their respective APIs. Despite the UIAGen component being dependent on the VWP, 

it does not need to communicate with the VWP. Thus, it can be developed independently of the VWP’s 

API. The UIAGen’s dependency on the VWP is related to the particular representation of information. 

More implementation details of VirtMan and UIAGen components are presented in section 8.5.7.  
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The Jena57 framework was used to handle the ontology models. This framework provides an API for 

working with ontological models and the OWL language (for extracting and adding semantic data). It also 

offers reasoning about the data and provides the possibility of using third-party reasoners. Pellet58 was 

selected as a reasoning engine, since it provides sound-and-complete reasoning capabilities for OWL-DL 

ontologies and enables integration with the Jena framework. The combination of Jena and Pellet enables 

the manipulation of ontologies, checking their integrity, automatic classification of the facts in the 

knowledge base and inferring new facts from existing ones. 

To assist in the aligning of ontologies, the Snoggle59 tool was used. Snoggle is a graphical, SWRL-based 

ontology mapper to assist in the task of OWL ontology alignment. It allows users to visually draw 

mappings between two ontologies in a simple and intuitive graphical interface. These mappings are then 

transformed into SWRL/RDF or SWRL/XML to be stored in the knowledge base. 

To get plans of actions, Jplan60 planner was used. Jplan is a java implementation of GraphPlan61, a fast 

domain independent planner. 

8.5.1 Planning/setup 

The developed prototype was submitted to a series of tests involving the application of different scenarios 

to multiple VWPs: Following Design Science method, each test originated refinements, which led to an 

improved version of the prototype for the following test. The sequence of tests was: 

 scenario1 –staged in OpenSim and IM platforms; 

 scenario2 – staged in OpenSim, SmartFox and IM platforms; 

 scenario3 –staged in SmartFox and IM platforms. 

The test sequence regarding to mapping1, mapping2, transformation and execution processes is described 

in Table 4, Table 5, Table 6 and Table 7, respectively. 

Servers of the VWPs were installed, configured and deployed in a Sony Vaio laptop with Intel Core i7 

M640 2.8GHz and 6GB of RAM, running Windows 7 64-bit operating system connected to the Internet. 

Further, despite out of scope of the concerns of this thesis, both OpenSim and SmartFox VWPs were 

provided with a scenario dependent stage and specific action sensors. 
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 https://jena.apache.org 
58

 http://clarkparsia.com/pellet/ 
59

 http://snoggle.semwebcentral.org/ 
60

 http://sourceforge.net/projects/jplan/ 
61

 http://www.cs.cmu.edu/~avrim/graphplan.html 
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Table 4 – Test sequence: Mapping1 

Virtual World Source ontology Target ontology Alignment 

IM 𝑂𝑃𝑖𝐷𝑖 𝑂𝑃𝐼𝑀𝐷𝑖 𝐴1𝐼𝑀 

OpenSim 𝑂𝑃𝑖𝐷𝑖 𝑂𝑃𝑂𝑆𝐷𝑖 𝐴1𝑂𝑆 

SmartFox 𝑂𝑃𝑖𝐷𝑖 𝑂𝑃𝑆𝐹𝐷𝑖 𝐴1𝑆𝐹 

Table 5 – Test sequence: Mapping2 

Scenario Virtual World Source ontology Target ontology Alignment 

Scenario1 OpenSim 𝑂𝑃𝑖𝐷𝐹16 𝑂𝑃𝑂𝑆𝐷𝑖 𝐴2𝑂𝑆,𝐹16 

Scenario1 IM 𝑂𝑃𝑖𝐷𝐹16 𝑂𝑃𝐼𝑀𝐷𝑖 𝐴2𝐼𝑀,𝐹16 

Scenario2 OpenSim 𝑂𝑃𝑖𝐷𝑅𝑅𝐻  𝑂𝑃𝑂𝑆𝐷𝑖 𝐴2𝑂𝑆,𝑅𝑅𝐻 

Scenario2 SmartFox  𝑂𝑃𝑖𝐷𝑅𝑅𝐻  𝑂𝑃𝑆𝐹𝐷𝑖 𝐴2𝑆𝐹,𝑅𝑅𝐻 

Scenario2 IM  𝑂𝑃𝑖𝐷𝑅𝑅𝐻  𝑂𝑃𝐼𝑀𝐷𝑖 𝐴2𝐼𝑀,𝑅𝑅𝐻 

Scenario3 SmartFox 𝑂𝑃𝑖𝐷𝐻𝑏𝑙 𝑂𝑃𝑆𝐹𝐷𝑖 𝐴2𝑆𝐹,𝐻𝑏𝑙 

Scenario3 IM 𝑂𝑃𝑖𝐷𝐻𝑏𝑙 𝑂𝑃𝐼𝑀𝐷𝑖 𝐴2𝐼𝑀,𝐻𝑏𝑙 

Table 6 – Test sequence: transformation 

Scenario Virtual World Source ontology Alignment Target ontology 

Scenario1 OpenSim 𝑂𝑃𝑖𝐷𝐹16 𝐴2𝑂𝑆,𝐹16 𝑂𝑃𝑂𝑆𝐷𝐹16 

Scenario1 IM 𝑂𝑃𝑖𝐷𝐹16 𝐴2𝐼𝑀,𝐹16 𝑂𝑃𝐼𝑀𝐷𝐹16 

Scenario2 OpenSim 𝑂𝑃𝑖𝐷𝑅𝑅𝐻  𝐴2𝑂𝑆,𝑅𝑅𝐻 𝑂𝑃𝑂𝑆𝐷𝑅𝑅𝐻  

Scenario2 SmartFox  𝑂𝑃𝑖𝐷𝑅𝑅𝐻  𝐴2𝑆𝐹,𝑅𝑅𝐻 𝑂𝑃𝑆𝐹𝐷𝑅𝑅𝐻  

Scenario2 IM  𝑂𝑃𝑖𝐷𝑅𝑅𝐻  𝐴2𝐼𝑀,𝑅𝑅𝐻 𝑂𝑃𝐼𝑀𝐷𝑅𝑅𝐻  

Scenario3 SmartFox 𝑂𝑃𝑖𝐷𝐻𝑏𝑙 𝐴2𝑆𝐹,𝐻𝑏𝑙 𝑂𝑃𝑆𝐹𝐷𝐻𝑏𝑙 

Scenario3 IM 𝑂𝑃𝑖𝐷𝐻𝑏𝑙 𝐴2𝐼𝑀,𝐻𝑏𝑙 𝑂𝑃𝐼𝑀𝐷𝐻𝑏𝑙 

Table 7 – Test sequence: execution 

Scenario Virtual World ontology #users #NPC 

Scenario1 OpenSim 𝑂𝑃𝑂𝑆𝐷𝐹16 4/2/0 0/2/4 

Scenario1 IM 𝑂𝑃𝐼𝑀𝐷𝐹16 4/2/0 0/2/4 

Scenario2 OpenSim 𝑂𝑃𝑂𝑆𝐷𝑅𝑅𝐻  4/0 0/4 

Scenario2 SmartFox  𝑂𝑃𝑆𝐹𝐷𝑅𝑅𝐻  4/0 0/4 

Scenario2 IM  𝑂𝑃𝐼𝑀𝐷𝑅𝑅𝐻  4/0 0/4 

Scenario3 SmartFox 𝑂𝑃𝑆𝐹𝐷𝐻𝑏𝑙 6 0 

Scenario3 IM 𝑂𝑃𝐼𝑀𝐷𝐻𝑏𝑙 6 0 

 

In OpenSim, representations of terrain and objects were imported from external files. The most complex 

objects (such as aircrafts and engines) were drawn in specific CAD applications and subsequently 

imported into OpenSim. Sensors were implemented through scripts (using OSSL) and associated to 

objects, triggering actions in accordance with specific events. For instance, in order to support the avatar’s 

“grab an object” action, an OSSL script is created that associates the action to objects that can be grabbed. 

Then, when an avatar touches one of these objects, the script is executed, attaching the object to the 

avatar's hand. 
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The stage of each scenario for the SmartFox platform was prepared using the OpenSpace Editor. This is 

an application designed to create the virtual environments that the OpenSpace engine will render and 

make interactive at runtime. 

8.5.2 VWP ontologies 

Beyond the foundational choreography concepts (cf. section 4.5.2), 𝑂𝑃𝑑𝐷𝑖 ontologies can represent target 

platform specific concepts, particularly the actions that can be performed in the VWP. For the purpose of 

testing, for each selected VWP, concepts were captured relating only to a subset of these actions (cf. Table 

1 in section 2.4). In this context, 𝑂𝑃𝑑𝐷𝑖 ontologies developed for IM, OpenSim and SmartFox platforms 

are identified as 𝑂𝑃𝐼𝑀𝐷𝑖, 𝑂𝑃𝑂𝑆𝐷𝑖 and 𝑂𝑃𝑆𝐹𝐷𝑖 respectively (Figure 42). 

 

Figure 42 - 𝑂𝑃𝑑𝐷𝑖 for: a) IM, b) OpenSim and c) SmartFox platforms 

8.5.3 Mapping1 

This process aligns ontologies that generically define a choreography, i.e., aligns the foundational 

choreography (𝑂𝑃𝑖𝐷𝑖) with specific choreography ontologies of the VWPs (𝑂𝑃𝑑𝐷𝑖). Correspondences are 

created between concepts and properties that have the same semantics of two different ontologies, thus 

eliminating the differences in vocabulary (cf. section 2.4) and representation between them. It is 

performed only once, and reused later. Concept Bridges (CB) and Property Bridges (PB) for 𝑂𝑃𝑖𝐷𝑖 and 

𝑂𝑃𝑑𝐷𝑖 ontologies are established. Figure 43, Figure 44 and Figure 45 show CBs, PBs and their respective 

relations in the Alignment1 for the various VWPs.  

In this process, in order to align concepts and properties with the same semantics of different ontologies, 

the following three alignments were created: 

 𝐴1𝐼𝑀 – Maps 𝑂𝑃𝑖𝐷𝑖 with 𝑂𝑃𝐼𝑀𝐷𝑖 (Instant Messaging); 

 𝐴1𝑂𝑆 – Maps 𝑂𝑃𝑖𝐷𝑖 with 𝑂𝑃𝑂𝑆𝐷𝑖  (OpenSim); 

 𝐴1𝑆𝐹 – Maps 𝑂𝑃𝑖𝐷𝑖 with 𝑂𝑃𝑆𝐹𝐷𝑖 (SmartFox). 
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Figure 43 - Concept Bridges defined in Alignment1 for: a) IM, b) OpenSim and c) SmartFox platforms 

  

Figure 44 - Property Bridges defined in Alignment1 for: a) IM, b) OpenSim and c) SmartFox platforms 
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Figure 45 – Relations between Concept Bridges and Property Bridges relative to: a) IM, b) OpenSim and c) 

SmartFox platforms 

8.5.4 Authoring of choreographies 

To speed up the authoring of a choreography and assist in building its respective ontology, an editing 

application was developed with a streamlined graphical interface, as depicted in Figure 46.  

 

Figure 46 – The choreography authoring tool 
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Additionally, the Protégé62 ontology editor was also used for other finer adjustment and setting 

restrictions. 

8.5.4.1 Authoring of Scenario1 (The installation of the F16 aircraft engine) 

On this maintenance operation, one person should guide operations while the others are performing 

them. In this sense, the roles were classified into two distinct types of responsibilities: Sx (supervisor 

actions) and Tx (technicians actions) where "x" represents different roles for similar responsibilities.  

Based on the simplified description of section 8.3.1, twenty actions were defined as essential to perceive 

the fundamental aspects of the procedure. The actions must be jointly performed by team members but 

according to their skills and previous performed actions. In this sense, roles were created to achieve this 

type of distribution. Table 8 shows the list of actions and for each its description and the role that an actor 

must play to perform it. 

Table 8 - The list of actions and roles for scenario1 

Role Action Description 

T1 Go_P1 Actor goes to position no.1 (front right) 

T2 Go_P2 Actor goes to position no.2 (back right) 

T3 Go_P3 Actor goes to position no.3 (front left) 

S1 Go_P4 Actor goes to position no.4 (back left) 

T1 Grab_SDM1 Pick screw driver machine no.1 

T2 Grab_SDM2 Pick screw driver machine no.2 

T3 Grab_SDM3 Pick screw driver machine no.3 

S1 Say_Up Command to rise screws 

T1 Lift_Screw1 Rise screw no.1 

T2 Lift_Screw2 Rise screw no.2 

T3 Lift_Screw3 Rise screw no.3 

S1 Say_Ok Command to drop screw driver machines 

T1 Drop_SDM1 Drop screw driver machine no.1 

T2 Drop_SDM2 Drop screw driver machine no.2 

T3 Drop_SDM3 Drop screw driver machine no.3 

T5 Go_P5 Actor goes to position no.5 (front right) 

T6 Go_P6 Actor goes to position no.6 (front left) 

S2 Say_In Command to insert the engine 

T5 Rot_Crank1 Rotate crank no.1 

T6 Rot_Crank2 Rotate crank no.2 

 

In order to simplify the subsequent mapping process, concepts were structured according to the following 

criteria:  

 Actions were organized taking into account their semantics (i.e. considering their execution in 

a real world scenario). Clusters were created to hold together (i) manual actions that involve 

the manipulation of objects (ManualAction), (ii) actions related to motion and movement of 

                                                      
62

 http://protege.stanford.edu/ 
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the characters (MotionAction), and (iii) actions related to verbal communication between users 

(VerbalAction). ManualAction is further subclassified whether the actions are intended to grab 

(TakeAction), drop (ReleaseAction) or manipulate objects (ManipulateAction) respectively; 

 The roles were also grouped by type of responsibility: Supervisor and Technician. In this 

example, the procedure was divided into two parts, each of which may have a different 

supervisor. Three technicians are required for the first part and two for the second. In each 

part, the technicians who initiate the procedure should complete it, but the technicians do not 

have to be the same, i.e., each part may have a different team of technicians. Thus, the roles 

were classified into two types: Supervisor and Technicians. Supervisor was further 

subclassified taking into account a supervisor for each part (Super1 and Super2). Similarly, 

Technician was further subclassified taking into account the three technicians for the first part 

(T1, T2 and T3) and two for the second part (T5 and T6). Supervision roles are associated 

with verbal actions (VerbalAction) and are intended for the synchronization and coordination 

of the group. The roles of Technician have an operational function and are associated with 

actions related to the handling of objects (ManualAction) or movement (MotionAction). 

Each concept and its hierarchy of sub-concepts were captured into small ontologies, forming small 

modules with an appropriate granularity to the problem, as depicted in Figure 47. 

 

Figure 47 –ontologies of actions, roles and objects for scenario1 

The diagram of Figure 48 depicts the sequence desired for actions and roles associated with them.  



 

Experiments 

118 

 

Figure 48 – activity diagram of the installation of the F16 aircraft engine 

Based on this diagram, rules were added to the choreography as well as the roles deemed incompatible 

(disjoint). The roles T1, T2 and T3 are mutually disjoint, as are T5 and T6. Each role was specified 

similarly to the following example, which shows the definition of role T1 using the Manchester syntax: 

Class: T1 

 SubClassOf: 

  Technician 

 EquivalentTo: 

  Technician 

  and ((performs some Go_P1) 

  or (performs some Grab_SDM1) 

  or (performs some Drop_SDM1) 

  or (performs some Lift_Screw1)) 

 DisjointWith: 

  T2 

  T3 

Verbal actions (VerbalAction) represent messages delivered by actors. For each verbal action, a rule was 

defined to identify this action based on the actor’s role and the uttered message, as illustrated in the 

following definition of Say_Up action, using the Manchester syntax: 

Class: Say_Up 

 SubClassOf: 

  VerbalAction 

  performedBy some Super1, 

  performedBy only Super1, 

 EquivalentTo: 

Super1T1 T2 T3 Super2T5 T6
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  VerbalAction 

  and (performedBy some Super1) 

  and (message value “up”) 

Because there is a set of objects that are essential to this procedure, the following have been represented: 

three screw machines, three screws, two Cranks, an aircraft and an engine (Figure 47). The resulting 

ontology is entitled 𝑂𝑃𝑖𝐷𝐹16 . 

8.5.4.2 Authoring of scenario2 (The children´s story of Little Red Riding Hood) 

From the description and storyboard of the tale presented in section 8.3.2, four distinct roles were 

identified - Little Red Riding Hood (Red), the wolf (Wlf), grandmother (Gma) and the Woodcutter (Wct) - 

as well as eighteen actions. Table 9 shows the roles and actions associated with them. 

Table 9 – The list of actions and roles for scenario2 

Role Action Description 

Red Go_i_Redz Actor goes to zone Redz  

Wlf Go_i_WoodWz Actor goes to zone WoodWz 

Gma Go_i_GmaGz Actor goes to zone GmaGz 

Wct Go_i_WoodCz Actor goes to zone WoodCz 

Red Go_WoodRz Actor goes to zone WoodRz 

Wlf Ask_Where Ask “Where do you go?” 

Red Say_Gmahouse Say “To my GrandMa’s house.” 

Wlf Go_GmaWz Actor goes to zone GmaWz  

Wlf Eat_Gma Actor eats Grandma 

Red Go_GmaRz Actor goes to zone GmaRz 

Red Say_Big Say “Granny, What big teeth you have!” 

Wlf Say_Eat Say “All the better to eat you with!” 

Red Shout Actor shouts 

Wct Go_GmaCz Actor goes to zone GmaCz 

Wct Hit_Wlf Actor hits the wolf 

Gma Jump Actor jumps out of the Wolf  

Wct Go_WoodWz Actor goes to zone WoodWz 

 

The definition of actions, roles, zones inside the stage and its hierarchical organization are depicted in 

Figure 49. 

The four initial actions (Go_i_Redz, Go_i_WoodWz, Go_i_GmaGz and Go_i_WoodCz) can be 

executed in parallel because they have no precedence relationship with each other. They represent the 

initial positioning of the characters from which the story must develop. The remaining actions must be 

performed sequentially so the choreography consistently reflects the narrative of the story. 

Unlike in scenario1, in this scenario the actors should play a unique role in the whole choreography. In 

that sense, the roles Gma, Red, Wct and Wlf are declared disjoint. 
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Figure 49 - ontologies of actions, roles and zones on stage for scenario2 

The diagram of Figure 50 depicts the sequence desired for actions and roles associated with them.  

 

Figure 50 - activity diagram of the children’s story of Little Red Riding Hood 

The resulting ontology is entitled 𝑂𝑃𝑖𝐷𝑅𝑅𝐻 . 
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8.5.4.3 Authoring of scenario3 (Play handball attack) 

From the description in section 8.2.3, the roles of each player were identified, as well as the set of actions 

described in Table 10.  

Table 10 – The list of actions and roles for scenario3 

Role Action Description 

P Go_i_Pz Actor goes to zone Pz 

RW Go_i_RWz Actor goes to zone RWz 

RB Go_i_RBz Actor goes to zone RBz 

LW Go_i_LWz Actor goes to zone LWz 

LB Go_i_LBz Actor goes to zone LBz 

RB Pass_RW Actor pass the ball to actor RW 

C Go_i_Cz Actor goes to zone Cz 

RW Go_Pz Actor goes to zone Pz 

RW Pass_C Actor pass ball to actor C  

C Shoot Shoot on goal 

 

The definition of actions, roles and zones inside the stage and its hierarchical organization are depicted in 

Figure 51. 

The Go_i_X actions represent the initial positions where the actors should be to start play. 

The game tactics involve each player playing a specific role but all of them simultaneously positioned in 

the field. Consequently, their roles are declared disjoint. 

 

Figure 51 - ontologies of actions, roles and zones on stage for scenario3 

The diagram of Figure 52 depicts the sequence desired for actions and roles associated with them.  
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Figure 52 - activity diagram of play handball attack 

The resulting ontology is entitled 𝑂𝑃𝑖𝐷𝐻𝑏𝑙 . 

8.5.5 Mapping2 

In the Mapping2 process, new correspondences were created to align domain related concepts and 

properties added during the authoring process, or need to be refined. Sub-bridges were created from the 

bridges already defined in Mapping1 process. 

For each VWP new alignments were created for each of the scenarios designed for them. Since 

alignment2 includes all correspondences of alignment1, for the sake of simplicity only the 

correspondences that were added during the Mapping2 process are presented.  

In these experiments, the following interaction is desired: 

 in IM platform, only an action (Write) is represented. So, there is only one type of interaction by 

which all actions are interpreted (i.e. staged). This way, all actions of each 𝑂𝑃𝑖𝐷𝑑 ontology are 

aligned with the action Write of 𝑂𝑃𝐼𝑀𝐷𝑖 ontology; 

 in OpenSim, the avatar should touch objects to manipulate them, and the Chat action should be 

used to communicate with others. The available actions for each object are presented via a menu, 

from which the actor chooses one; 

 in SmartFox, for any type of manipulation of objects the avatar must click on them, while 

communication between users should occur via public messages. 

8.5.5.1 Mapping2 for scenario1 

Alignment2 of scenario1 (installation of the F16 aircraft engine) is defined by the Concept Bridges (CB) 

and Property Bridges (PB) between 𝑂𝑃𝑖𝐷𝐹16 ontology, and 𝑂𝑃𝐼𝑀𝐷𝑖 and 𝑂𝑃𝑂𝑆𝐷𝑖 ontologies of IM and 
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OpenSim platforms respectively, as shown in Figure 53 and Figure 55. Figure 54 depicts the relationship 

between CB and PB.  

The alignments 𝐴2𝐼𝑀,𝐹16 and 𝐴2𝑂𝑆,𝐹16 were created, containing the correspondences between the 

𝑂𝑃𝑖𝐷𝐹16 ontology, and ontologies 𝑂𝑃𝐼𝑀𝐷𝑖 and 𝑂𝑃𝑂𝑆𝐷𝑖 respectively. 

 

Figure 53 - Concept Bridges of Alignment2 for platforms: a) IM and b) OpenSim of scenario1 

 

Figure 54 - Relations between Concept Bridges and Property Bridges for platforms: a) IM and b) OpenSim of 

scenario1 

a) b)
C

o
n

ce
p

t 
B

ri
d

ge

So
u

rc
e

 C
o

n
ce

p
t 

(O
P

iD
F1

6
)

Ta
rg

e
t 

C
o

n
ce

p
t 

(O
P

IM
D

i)

C
o

n
ce

p
t 

B
ri

d
ge

So
u

rc
e

 C
o

n
ce

p
t 

(O
P

iD
F1

6
)

Ta
rg

e
t 

C
o

n
ce

p
t 

(O
P

O
S D

i)

… … … … … …

CB1.1 ManipulateAction Write CB1.1 ManipulateAction Touch

CB1.2 ReleaseAction Write CB1.2 ReleaseAction Touch

CB1.3 TakeAction Write CB1.3 TakeAction Touch

CB1.4 MotionAction Write CB1.4 MotionAction Go

CB1.5 VerbalAction Write CB1.5 VerbalAction Chat

a) b)
Concept 

Bridge

Property 

Bridge

Concept 

Bridge

Property 

Bridge

… … … …

CB1.1 PB6 CB1.1 PB6

CB1.1 PB7 CB1.1 PB7

CB1.1 PB10 CB1.1 PB10

CB1.1 PB14 CB1.1 PB14

CB1.2 PB6 CB1.2 PB6

CB1.2 PB7 CB1.2 PB7

CB1.2 PB10 CB1.2 PB10

CB1.2 PB14 CB1.2 PB14

CB1.3 PB6 CB1.3 PB6

CB1.3 PB7 CB1.3 PB7

CB1.3 PB10 CB1.3 PB10

CB1.3 PB14 CB1.3 PB14

CB1.4 PB6 CB1.4 PB6

CB1.4 PB7 CB1.4 PB7

CB1.4 PB10 CB1.4 PB10

CB1.4 PB14 CB1.4 PB14

CB1.5 PB6 CB1.5 PB6

CB1.5 PB7 CB1.5 PB7

CB1.5 PB10 CB1.5 PB10

CB1.5 PB14 CB1.5 PB14

CB1.5 PB15 CB1.5 PB15



 

Experiments 

124 

 

Figure 55 - Property Bridges of Alignment2 for platforms: a) IM and b) OpenSim of scenario1 

8.5.5.2 Mapping2 for scenario2 

Alignment2 of scenario2 (the tale of little red riding hood) is defined by the Concept Bridges (CB) and 

Property Bridges (PB) between 𝑂𝑃𝑖𝐷𝑅𝑅𝐻  ontology, and 𝑂𝑃𝐼𝑀𝐷𝑖, 𝑂𝑃𝑂𝑆𝐷𝑖 and 𝑂𝑃𝑆𝐹𝐷𝑖 ontologies of IM, 

OpenSim and SmartFox platforms respectively, as presented in Figure 56 and Figure 57. Figure 58 depicts 

the relationship between CB and PB.  

The alignments 𝐴2𝐼𝑀,𝑅𝑅𝐻, 𝐴2𝑂𝑆,𝑅𝑅𝐻 and 𝐴2𝑆𝐹,𝑅𝑅𝐻 were created, containing the correspondences 

between the 𝑂𝑃𝑖𝐷𝑅𝑅𝐻  ontology, and 𝑂𝑃𝐼𝑀𝐷𝑖, 𝑂𝑃𝑂𝑆𝐷𝑖 and 𝑂𝑃𝑆𝐹𝐷𝑖 ontologies of IM, OpenSim and 

SmartFox platforms respectively. 

 

Figure 56 - Concept Bridges of Alignment2 for platforms: a) IM, b) OpenSim and c) SmartFox of scenario2 

 

Figure 57 - Property Bridges of Alignment2 for platforms: a) IM, b) OpenSim and c) SmartFox of scenario2 
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Figure 58 - Relations between Concept Bridges and Property Bridges for platforms: a) IM, b) OpenSim and c) 

SmartFox of scenario2 

8.5.5.3 Mapping2 for scenario3 

Alignment2 of scenario3 (team handball offensive tactics) is defined by the Concept Bridges (CB) and 

Property Bridges (PB) between 𝑂𝑃𝑖𝐷𝐻𝑏𝑙 ontology, and 𝑂𝑃𝐼𝑀𝐷𝑖 and 𝑂𝑃𝑆𝐹𝐷𝑖ontologies of IM and SmartFox 

platforms respectively, as presented in Figure 59. Figure 60 depicts the relationship between CB and PB.  

 

Figure 59 - Concept Bridges of Alignment2 for platforms: a) IM and b) SmartFox of scenario3 

  

Figure 60 - Relations between Concept Bridges and Property Bridges for platforms: a) IM and b) SmartFox of 
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The alignments 𝐴2𝐼𝑀,𝐻𝑏𝑙 and 𝐴2𝑆𝐹,𝐻𝑏𝑙 were created, containing the correspondences between the 

𝑂𝑃𝑖𝐷𝐻𝑏𝑙 ontology, and 𝑂𝑃𝐼𝑀𝐷𝑖 and 𝑂𝑃𝑆𝐹𝐷𝑖 ontologies of IM and SmartFox respectively. 

8.5.6 Transformation 

For each scenario, the transformation algorithm was applied to the choreography ontology (𝑂𝑃𝑖𝐷𝑑), giving 

rise to the ontology for each intended VWP (𝑂𝑃𝑑𝐷𝑑). The ontologies and alignments involved in this 

process are those defined in Table 6. 

For scenario1, the transformation process was performed twice, because two different platforms were 

targeted: IM and OpenSim. Figure 61 depicts an excerpt of the concepts created in the target ontology. 

For scenario2, the transformation process was performed three times because three different platforms 

were targeted: IM, OpenSim and SmartFox. Figure 62 depicts an excerpt of the concepts created in the 

target ontology. 

For scenario3, the transformation process was performed two times because two different platforms were 

targeted: IM and SmartFox. Figure 63 depicts an excerpt of the concepts created in the target ontology. 
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Figure 61 – Transformation process for scenario1 - an excerpt of the concepts created in the target ontology for: a) 

IM and b) OpenSim platforms 
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CB1.1 ManipulateAction Write Lift_Screw1 CB1.1 ManipulateAction Touch Lift_Screw1

CB1.1 ManipulateAction Write Lift_Screw2 CB1.1 ManipulateAction Touch Lift_Screw2

CB1.1 ManipulateAction Write Lift_Screw3 CB1.1 ManipulateAction Touch Lift_Screw3

CB1.1 ManipulateAction Write Rot_Crank1 CB1.1 ManipulateAction Touch Rot_Crank1

CB1.1 ManipulateAction Write Rot_Crank2 CB1.1 ManipulateAction Touch Rot_Crank2

CB1.2 ReleaseAction Write Drop_SDM1 CB1.2 ReleaseAction Touch Drop_SDM1

CB1.2 ReleaseAction Write Drop_SDM2 CB1.2 ReleaseAction Touch Drop_SDM2

CB1.2 ReleaseAction Write Drop_SDM3 CB1.2 ReleaseAction Touch Drop_SDM3

CB1.3 TakeAction Write Grab_SDM1 CB1.3 TakeAction Touch Grab_SDM1

CB1.3 TakeAction Write Grab_SDM2 CB1.3 TakeAction Touch Grab_SDM2

CB1.3 TakeAction Write Grab_SDM3 CB1.3 TakeAction Touch Grab_SDM3

CB1.4 MotionAction Write Go_P1 CB1.4 MotionAction Go Go_P1

CB1.4 MotionAction Write Go_P2 CB1.4 MotionAction Go Go_P2

CB1.4 MotionAction Write Go_P3 CB1.4 MotionAction Go Go_P3

CB1.4 MotionAction Write Go_P4 CB1.4 MotionAction Go Go_P4

CB1.4 MotionAction Write Go_P5 CB1.4 MotionAction Go Go_P5

CB1.4 MotionAction Write Go_P6 CB1.4 MotionAction Go Go_P6

CB1.5 VerbalAction Write Say_In CB1.5 VerbalAction Chat Say_In

CB1.5 VerbalAction Write Say_Ok CB1.5 VerbalAction Chat Say_Ok

CB1.5 VerbalAction Write Say_Up CB1.5 VerbalAction Chat Say_Up

CB6 Object Object Aircraft CB6 Object Object Aircraft

CB6 Object Object … CB6 Object Object …

CB7 Role Role Supervisor CB7 Role Role Supervisor

CB7 Role Role Super1 CB7 Role Role Super1

CB7 Role Role Super2 CB7 Role Role Super2

CB7 Role Role Technician CB7 Role Role Technician

CB7 Role Role T1 CB7 Role Role T1

CB7 Role Role … CB7 Role Role …

CB7 Role Role T6 CB7 Role Role T6

CB8 Stage Stage P1 CB8 Stage Location P1

CB8 Stage Stage … CB8 Stage Location …

CB9 State State s0 CB9 State State s0

CB9 State State … CB9 State State …

CB10 Value Value True CB10 Value Value True

CB10 Value Value False CB10 Value Value False

CB10 Value Value False CB10 Value Value False
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Figure 62 - Transformation process for scenario2 - an excerpt of the concepts created in the target ontology for: a) 

IM, b) OpenSim and c) SmartFox platforms 
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CB1.1 BodyAction Write Eat_Gma CB1.1 BodyAction Touch Eat_Gma CB1.1 BodyAction Click Eat_Gma

CB1.1 BodyAction Write Hit_Wlf CB1.1 BodyAction Touch Hit_Wlf CB1.1 BodyAction Click Hit_Wlf

CB1.1 BodyAction Write Jump CB1.1 BodyAction Touch Jump CB1.1 BodyAction Click Jump

CB1.2 Move Write Go_GmaRz CB1.2 Move Go Go_GmaRz CB1.2 Move Move Go_GmaRz

CB1.2 Move Write Go_i_GmaGz CB1.2 Move Go Go_i_GmaGz CB1.2 Move Move Go_i_GmaGz

CB1.2 Move Write Go_i_Redz CB1.2 Move Go Go_i_Redz CB1.2 Move Move Go_i_Redz

CB1.2 Move Write Go_i_WoodCz CB1.2 Move Go Go_i_WoodCz CB1.2 Move Move Go_i_WoodCz

CB1.2 Move Write Go_i_WoodWz CB1.2 Move Go Go_i_WoodWz CB1.2 Move Move Go_i_WoodWz

CB1.2 Move Write Go_WoodRz CB1.2 Move Go Go_WoodRz CB1.2 Move Move Go_WoodRz

CB1.2 Move Write Go_GmaCz CB1.2 Move Go Go_GmaCz CB1.2 Move Move Go_GmaCz

CB1.2 Move Write Go_GmaWz CB1.2 Move Go Go_GmaWz CB1.2 Move Move Go_GmaWz

CB1.2 Move Write Go_WoodWz CB1.2 Move Go Go_WoodWz CB1.2 Move Move Go_WoodWz

CB1.3 VerbalAction Write Ask_Where CB1.3 VerbalAction Chat Ask_Where CB1.3 VerbalAction PublicMsg Ask_Where

CB1.3 VerbalAction Write Say_Big CB1.3 VerbalAction Chat Say_Big CB1.3 VerbalAction PublicMsg Say_Big

CB1.3 VerbalAction Write Say_Eat CB1.3 VerbalAction Chat Say_Eat CB1.3 VerbalAction PublicMsg Say_Eat

CB1.3 VerbalAction Write Say_Ghouse CB1.3 VerbalAction Chat Say_Ghouse CB1.3 VerbalAction PublicMsg Say_Ghouse

CB1.3 VerbalAction Write Shout CB1.3 VerbalAction Chat Shout CB1.3 VerbalAction PublicMsg Shout

CB6 Object Object Ball CB6 Object Object Ball CB6 Object Object Ball

CB6 Object Object … CB6 Object Object … CB6 Object Object …

CB7 Role Role Gma CB7 Role Role Gma CB7 Role Role Gma

CB7 Role Role Red CB7 Role Role Red CB7 Role Role Red

CB7 Role Role Wct CB7 Role Role Wct CB7 Role Role Wct

CB7 Role Role Wlf CB7 Role Role Wlf CB7 Role Role Wlf

CB8 Stage Stage GmaCz CB8 Stage Location GmaCz CB8 Stage Stage GmaCz

CB8 Stage Stage … CB8 Stage Location … CB8 Stage Stage …

CB9 State State s0 CB9 State State s0 CB9 State State s0

CB9 State State … CB9 State State … CB9 State State …

CB10 Value Value True CB10 Value Value True CB10 Value Value True

CB10 Value Value False CB10 Value Value False CB10 Value Value False
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Figure 63 - Transformation of scenario3 - an excerpt of the concepts created in the target ontology according to 

alignment2 for: a) IM and b) SmartFox platforms 

8.5.7 Execution 

The execution process starts with the execution of the ChorMan component that loads the choreography 

ontology generated for the specific VWP. After that, a communication channel between the VWP and the 

ChorMan is created, to get access to the KB from the VW. Once established the connection, the UIAGen 

component generates a list of correspondences between the actions of the ontology and the actions of 

VWP. The list is populated based on the KB’s information by using the ChorMan’s API. Then the 

VirtMan component starts monitoring the state of the VW and the actors’ behavior. The actors/avatars’ 

actions trigger the validation. 

Since these three VWPs differ widely in terms of functionalities and interaction with the user, an UIAGen 

and VirtMan components were developed for each VWP, in order to properly define the correspondences 

between the choreography’s actions and the actions triggered through the user interface, and to access 

particular information represented internally by VWP, respectively. 
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CB1.1 Move Write Go_i_Cz CB1.1 Move Move Go_i_Cz

CB1.1 Move Write Go_i_LBz CB1.1 Move Move Go_i_LBz

CB1.1 Move Write Go_i_LWz CB1.1 Move Move Go_i_LWz

CB1.1 Move Write Go_i_Pz CB1.1 Move Move Go_i_Pz

CB1.1 Move Write Go_i_RBz CB1.1 Move Move Go_i_RBz

CB1.1 Move Write Go_i_RWz CB1.1 Move Move Go_i_RWz

CB1.1 Move Write Go_Pz CB1.1 Move Move Go_Pz

CB1.2 Throw Write Pass_C CB1.2 Throw Click Pass_C

CB1.2 Throw Write Pass_RW CB1.2 Throw Click Pass_RW

CB1.2 Throw Write Shoot CB1.2 Throw Click Shoot

CB6 Object Object Ball CB6 Object Object Ball

CB6 Object Object … CB6 Object Object …

CB7 Role Role C CB7 Role Role C

CB7 Role Role LB CB7 Role Role LB

CB7 Role Role LW CB7 Role Role LW

CB7 Role Role P CB7 Role Role P

CB7 Role Role RB CB7 Role Role RB

CB7 Role Role RW CB7 Role Role RW

CB8 Stage Stage Cz CB8 Stage Stage Cz

CB8 Stage Stage … CB8 Stage Stage …

CB9 State State s0 CB9 State State s0

CB9 State State … CB9 State State …

CB10 Value Value True CB10 Value Value True

CB10 Value Value False CB10 Value Value False
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8.5.7.1 IM platform 

In the IM platform, the lists of correspondences considered by the UIAGen for the three scenarios to be 

staged are those depicted in Figure 64. 

 

Figure 64 –List of correspondences generated by UIAGen for IM platform 

8.5.7.2 OpenSim platform 

In the OpenSim platform, the lists of correspondences considered by the UIAGen for the two scenarios 

to be staged are those depicted in Figure 65. 

The identification of scene objects and the actor’s position on the stage is carried out by a sensor placed in 

each object and location. A sensor is a script (written in OSSL scripting language) which senses the 

interaction of an actor and sends the respective unique identifier of that object and actor to VirtMan. The 

placement of sensors on objects is carried out during the preparatory phase of the scene, prior to the 

staging of the choreography. 

scenario1 scenario2 scenario3

Oaction VWaction param Oaction VWaction param Oaction VWaction param

Go_P1 Button "Go_P1" Go_i_Redz Button "Go_i_Redz" Go_i_Pz Button "Go_i_Pz"
Go_P2 Button "Go_P2" Go_i_WoodWz Button "Go_i_WoodWz" Go_i_RWz Button "Go_i_RWz"
Go_P3 Button "Go_P3" Go_i_GmaGz Button "Go_i_GmaGz" Go_i_RBz Button "Go_i_RBz"
Go_P4 Button "Go_P4" Go_i_WoodCz Button "Go_i_WoodCz" Go_i_LWz Button "Go_i_LWz"

Grab_SDM1 Button "Grab_SDM1" Go_WoodRz Button "Go_WoodRz" Go_i_LBz Button "Go_i_LBz"

Grab_SDM2 Button "Grab_SDM2" Ask_Where Button "Ask_Where" Pass_RW Button "Pass_RW"

Grab_SDM3 Button "Grab_SDM3" Say_Gmahouse Button "Say_Gmahouse" Go_i_Cz Button "Go_i_Cz"

Drop_SDM1 Button "Drop_SDM1" Go_GmaWz Button "Go_GmaWz" Go_Pz Button "Go_Pz"

Drop_SDM2 Button "Drop_SDM2" Eat_Gma Button "Eat_Gma" Pass_C Button "Pass_C"

Drop_SDM3 Button "Drop_SDM3" Go_GmaRz Button "Go_GmaRz" Shoot Button "Shoot"

Say_Up Button "Say_Up" Say_Big Button "Say_Big"

LiftScrew1 Button "LiftScrew1" Say_Eat Button "Say_Eat"

LiftScrew2 Button "LiftScrew2" Shout Button "Shout"

LiftScrew3 Button "LiftScrew3" Go_GmaCz Button "Go_GmaCz"

Say_Ok Button "Say_Ok" Hit_Wlf Button "Hit_Wlf"

Go_P5 Button "Go_P5" Jump Button "Jump"

Go_P6 Button "Go_P6" Go_WoodWz Button "Go_WoodWz"

Say_In Button "Say_In"

Rot_Crank1 Button "Rot_Crank1"

Rot_Crank2 Button "Rot_Crank2"
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Figure 65 –List of correspondences generated by UIAGen for OpenSim platform 

8.5.7.3 SmartFox platform 

In the SmartFox platform, the lists of correspondences considered by UIAGen for the two scenarios to 

be staged are those depicted in Figure 66. 

 

Figure 66 - List of correspondences generated by UIAGen for SmartFox platform 

The stage is made up of a set of squares called tiles where one can put sensors to detect the position of 

actors. 

8.5.7.4 The staging of scenario1 

The choreography of scenario1 was staged in IM and OpenSim platforms as depicted in Figure 67 and 

Figure 68, respectively. 

scenario1 scenario2

Oaction VWaction param Oaction VWaction param

Go_P1 Go P1 Go_i_Redz Go Redz
Go_P2 Go P2 Go_i_WoodWz Go WoodWz
Go_P3 Go P3 Go_i_GmaGz Go GmaGz
Go_P4 Go P4 Go_i_WoodCz Go WoodCz
Grab_SDM1 Touch SDM1 Go_WoodRz Go WoodCz

Grab_SDM2 Touch SDM2 Ask_Where Chat "where do you go?"

Grab_SDM3 Touch SDM3 Say_Gmahouse Chat "to my gma's house"

Drop_SDM1 Touch SDM1 Go_GmaWz Go GmaWz

Drop_SDM2 Touch SDM2 Eat_Gma Touch Gma

Drop_SDM3 Touch SDM3 Go_GmaRz Go GmaRz

Say_Up Chat "ooh, Up" Say_Big Chat "what big teeth!"

LiftScrew1 Touch Screw1 Say_Eat Chat "to eat you with"

LiftScrew2 Touch Screw2 Shout Chat "help"

LiftScrew3 Touch Screw3 Go_GmaCz Go GmaCz

Say_Ok Chat "Ok" Hit_Wlf Touch Wlf

Go_P5 Go P5 Jump Touch Gma

Go_P6 Go P6 Go_WoodWz Go WoodWz

Say_In Chat "ready, In"

Rot_Crank1 Touch Crank1

Rot_Crank2 Touch Crank2

scenario2 scenario3

Oaction VWaction param Oaction VWaction param

Go_i_Redz Move Redz Go_i_Pz Move Pz
Go_i_WoodWz Move WoodWz Go_i_RWz Move RWz
Go_i_GmaGz Move GmaGz Go_i_RBz Move RBz
Go_i_WoodCz Move WoodCz Go_i_LWz Move LWz
Go_WoodRz Move WoodCz Go_i_LBz Move LBz

Ask_Where Public msg "where do you go?" Pass_RW Click "Pass_RW"

Say_Gmahouse Public msg "to my gma's house" Go_i_Cz Move Cz

Go_GmaWz Move GmaWz Go_Pz Move Pz

Eat_Gma Click "Eat_Gma" Pass_C Click "Pass_C"

Go_GmaRz Move GmaRz Shoot Click "Shoot"

Say_Big Public msg "what big teeth!"

Say_Eat Public msg "to eat you with"

Shout Public msg "help"

Go_GmaCz Move GmaCz

Hit_Wlf Click "Hit_Wlf"

Jump Click "Jump"

Go_WoodWz Move WoodWz
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Figure 67 – Staging of scenario1 in IM platform. 1) Actions triggered by actors and the result of its validation; 2) 

choreography actions available by buttons 

 

Figure 68 - Staging of scenario1 in OpenSim platform. 1) Actions triggered by actors and the result of its validation; 

2) menu of available actions for the touched object; 3) positioning sensors; 4) mechanism for verbal actions 
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8.5.7.5 The staging of scenario2 

The choreography of scenario1 was staged in IM, OpenSim and SmartFox platforms as depicted in Figure 

69, Figure 70 and Figure 71, respectively. 

 

 

Figure 69 - Staging of scenario2 in IM platform 

 

 

Figure 70 - Staging of scenario2 in OpenSim platform 
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Figure 71 - Staging of scenario2 in SmartFox platform. 1) Actions triggered by actors and the result of its validation; 

2) choreography actions available by buttons; 3) positioning sensors; 4) UI control for verbal actions 

8.5.7.6 The staging of scenario3 

The choreography of scenario1 was staged in IM and SmartFox platforms as depicted in Figure 72 and 

Figure 73, respectively. 

 

Figure 72 - Staging of the choreography of scenario3 in IM platform 
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Figure 73 - Staging of the choreography of scenario3 in SmartFox platform 

8.5.7.7 Staging using computer-controlled actors 

Scenario1 and scenario2 were also staged by computer-controlled actors and by using a combination of 

two actors controlled by human users and 2 actors controlled by the computer (NpcMan).  

The NpcMan component was configured as following: 

 The number of actors to be controlled was set (4 or 2), representing the real team members 

missing; 

 The request for replanning was set to occur after three unsuccessful attempts to perform any 

action of the current plan; 

 The number of times to replan without any action being executed was set to 3. After this, the 

choreography is considered blocked. 

8.5.8 Evaluation 

Following the experiments described in this chapter, the approach proposed in this thesis was evaluated 

iteratively in order to know if it is able to address the problems identified in section 2.7: 

 Semantic gap. The evaluation of the resolution for the problem of semantic gap was based on 

the following experiences: (1) authoring different choreographies related to distinct application 

domains to be staged in a specific VWP and (2) authoring a choreography to be staged in 

multiple VWPs. The process of authoring the choreography was successful, showing that the 

semantic gap no longer posed a problem for the representation of the choreography. All 

choreographies were authored without concerns about the target VWs. Subsequently, 

mappings were used to relate semantically the entities of the authored ontology with the 

entities of the specific ontology of each VW in order to eliminate terminological differences 
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between different domains of knowledge.Thus, the approach to this problem was assessed 

positively; 

 Heterogeneous VWPs. The problem of heterogeneous VWPs required a particular adaptation of 

the choreography to every target VWP. The use of multiple models to represent a choreography 

with different levels of abstraction, and mappings between these models, allowed the adaptation 

of the model resulting from authoring to the specific platform via a transformation process. The 

following transformations were applied: (1) transformation of the same choreography for 

different VWPs and (2) transformation of different choreographies for the same VWP. All 

choreographies were transformed and subsequently staged successfully in VWPs. Thus, the 

resolution of the heterogeneity problem of VWPs was assessed positively; 

 Evolution and maintenance of choreographies. The choreographies of the three test scenarios 

were obtained after a few iterations. Sometimes it was necessary to change the rules of the 

choreography, adjust the roles of the characters or add actions for a better refinement of the 

choreography. In all cases, the proposed approach was always able to respond to the 

representation needs, mapping, transformation and staging of the choreography. Thus, the 

proposed approach addresses the evolution and maintenance problem and, therefore, is assessed 

positively. 

8.6 Summary 

Experiments were performed to test the validity of the proposal presented in this thesis. Three scenarios 

of different areas have been chosen, as well as three very different VWPs in which the choreographies 

should be staged. 

The experiments included the authoring, mapping, transformation and execution processes of the 

choreography. 

Throughout the experiments, the proposal presented in this thesis faced the initially identified problems in 

section 2.7, and was evaluated to determine to what extent it is able to solve these problems. 
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Chapter 9 

 

CONCLUSIONS 

This chapter presents an overview of the research carried out in this thesis, focusing on describing the 

main contributions for the advance of the state of the art. Finally, some directions for future work are also 

described. 

9.1 Overview of the thesis 

In the educational context, a great variety of technological artifacts has been used to facilitate the 

implementation of teaching-learning strategies or to originate new ones. Among these technologies, VWs 

are recognized as having great potential for adoption [11]. Their features provide learning opportunities to 

geographically dispersed persons by means of a multiuser (both human and computer-controlled users) 

and an immersive virtual environment. Educational content can be further enhanced through the use of 

choreographies (which represent the actions of a group of characters) aiming to define the rules of 

interaction of users in the VW. Since there are multiple heterogeneous VWPs, the application of a 

choreography to VWs running in different VWP is a difficult task. Due to the VWPs heterogeneity, 

traditional authoring of a choreography is made according to each platform’s particularities, thus creating 

strong dependencies. 
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To simplify this process and apply the same choreography to different VWPs, it is necessary to solve 

problems, such as the semantic gap between experts from various fields, the heterogeneity of VWPs, and 

the evolution of both choreography and VWP. 

To address these problems, this thesis proposes an approach combining MDE with ontologies. The 

choreography is represented by a model, and its adaptation to each specific VWP is done via a 

transformation process that converts this model into another, incorporating the features of target 

platform. 

The models are captured into DL ontologies and the transformation between models is based on 

declarative mappings between the models. 

The proposed approach is captured in a system architecture to represent, transform and stage a 

choreography in any VWP addressing the previously identified problems. The choreography development 

process extending the MDA approach was also presented in the previous chapters. Unlike the single 

platform independence adopted in the MDA, in the proposed approach a model is represented with two 

dimensions of independence, the platform independence and the application-domain independence. This 

approach is based on the use of four ontologies categories: 𝑂𝑃𝑖𝐷𝑖 , 𝑂𝑃𝑑𝐷𝑖, 𝑂𝑃𝑖𝐷𝑑 and 𝑂𝑃𝑑𝐷𝑑, whose 

meaning is Ontology Platform independent/dependent, and Domain independent/dependent. To 

represent a general-purpose, platform-independent choreography, a foundational ontology has been 

proposed (i.e. 𝑂𝑃𝑖𝐷𝑖). This foundational ontology is generic enough to represent multiple application 

domains without any VWP concerns. 

In the authoring process, the choreographer begins with this generic choreography ontology (𝑂𝑃𝑖𝐷𝑖), 

adding new concepts to it, properties and restrictions of a specific application domain, giving rise to a 

domain-dependent ontology (𝑂𝑃𝑖𝐷𝑑). Authoring should follow a modular and incremental approach. 

Concepts should be organized into small modules for reuse in future choreographies, thus contributing 

for time and effort reduction concerning the choreography development, while promoting maintainability. 

The ontologies that represent a generic choreography (𝑂𝑃𝑖𝐷𝑖 and 𝑂𝑃𝑑𝐷𝑖), i.e., independent of the 

application domain, are mapped (alignment1) to establish correspondences between concepts and 

properties of each ontology. After the authoring of the choreography, a new alignment is created 

(alignment2) between 𝑂𝑃𝑖𝐷𝑑 and 𝑂𝑃𝑑𝐷𝑖 ontologies that extends and refines the existing alignment 

(alignment1), in order to properly adapt new concepts and properties to the target platform. The 

choreography that will be used in a VWP is obtained by a transformation process that extends the 

choreography ontology of that platform (𝑂𝑃𝑑𝐷𝑖) and adds ontology information resulting from authoring 

(𝑂𝑃𝑖𝐷𝑑), according to correspondences defined in alignment2. 
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To stage a choreography in a VWP, the Stage Manager component was created to bridge the gap between 

VWP and the knowledge base. Its responsibility is to monitor the VW and actors’ behavior, as well as 

validating their actions and keeping the KB consistent and updated. 

The presented proposal was iteratively tested and refined via a set of experiences that focused on the 

various problems to be addressed. The evaluation of these experiments showed that the proposed solution 

responded positively to the identified problems, i.e.: 

 allows representing a choreography that includes multiple characters; 

 allows describing a choreography for multiple application domains; 

 allows adapting a choreography to multiple VWP; 

 allows staging a choreography in multiple VWP; 

 allows dealing, almost automatically, with the problem of evolution of choreographies and VWP. 

9.2 Summary of contributions 

The main contributions of this thesis to the advance of the state of the art can be systematized as follows: 

 The method for representing, transforming and staging choreographies in VWPs: 

 Identifies the main problems and difficulties in applying a choreography to several 

different VWPs; 

 Advocates the resolution of three key issues: the semantic gap between experts from 

various fields, the heterogeneity of VWPs and the evolution of choreographies and 

VWPs; 

 Advocates and promotes the idea that the representation of a choreography should be 

clearly separated from its staging to avoid dependencies on VWPs; 

 Suggests the use of ontologies to represent choreographies; 

 Proposes a system architecture based on three main components: Representation, 

Mapping and Staging for representing, transforming and staging a multiuser and multi-

domain choreography in multiple VWPs; 

 Suggests the MDE paradigm for the development of choreographies and their adaptation 

to a particular VWP; 

 Advocates that the use of ontologies allows representing knowledge to be understandable 

by both human and machine, and thus reduce the amount of models as proposed by the 
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MDA approach, i.e., an ontology may simultaneously represent the CIM and PIM 

models; 

 Proposes an approach that adopts and adapts the MDE paradigm in order to make the 

model not only independent from the platform (like in MDE) but also independent from 

the choreography’s domain; 

 The Representation: 

 Identifies the key concepts, properties and relationships between concepts, common to 

multiple application domains; 

 Identifies the main reasons for using ontologies to represent choreographies; 

 Extends the STRIPS representation to enable the representation of additional features. 

The ability to represent multiple users, roles, rules and stage features was added. The 

rules allow to define restrictions on the actions of the choreography and a dynamically 

changing of the role of actors according to their performance; 

 Proposes a foundational ontology that is independent of any application domain and 

VWPs, for representing a general purpose choreography to be applied in a wide variety of 

domains and further staged in potentially any VWP; 

 Proposes the use of four ontologies to represent different choreography abstraction 

models: 𝑂𝑃𝑖𝐷𝑖 (independent of platform and domain), 𝑂𝑃𝑖𝐷𝑑 (independent of platform 

but dependent on the domain), 𝑂𝑃𝑑𝐷𝑖 (dependent on platform but independent of the 

domain), and 𝑂𝑃𝑑𝐷𝑑 (dependent of the platform and the domain); 

 Ontology modules representing reusable choreography knowledge, reducing the 

authoring process effort, time and errors, and improving maintainability; 

 The Mapping: 

 Proposes a Mapping1 process to establish correspondences between models that 

represent an abstract choreography independent of any application domain, i.e., it is 

proposed to align the generic ontology independent of platform (𝑂𝑃𝑖𝐷𝑖) with the specific 

ontology of each VWP (𝑂𝑃𝑑𝐷𝑖); 

 Because Mapping1 process and the resulting Alignment1 depend on two ontologies that 

seldom change (the 𝑂𝑃𝑖𝐷𝑖 and 𝑂𝑃𝑑𝐷𝑖), the process is also seldom executed and the 

Alignment1 seldom changes; 
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 Proposes a Mapping2 process that extends and refines the Alignment1 correspondences, 

given the changes made during the authoring of the choreography, i.e., proposes a 

process to align the ontology created by a choreographer in the authoring (𝑂𝑃𝑖𝐷𝑑) with 

the generic ontology of each VWP (𝑂𝑃𝑑𝐷𝑖); 

 Because the Mapping2 process is based on Alignment1, it requires less effort and time, 

and less errors are potentially generated; 

 Describes the transformation algorithm that automatically adapts the ontology created by 

the choreographer (𝑂𝑃𝑖𝐷𝑑) to a new ontology (𝑂𝑃𝑑𝐷𝑑) to be staged in a particular VWP, 

according to the alignments defined in Mapping2; 

 The Staging: 

 Proposes a component (Stage Manager), external to the VWPs that manages the 

choreography, and validates the actions triggered by the actors from the VW; 

 Allows performing the choreography by human users, by purely virtual actors controlled 

by computer or by a combination of both; 

 Suggests an API to provide a set of services that allow getting information from the KB, 

change the KB, validate the actions of the actors, and get a feasible plan of actions; 

 Proposes a component (UIAGen) external to the VWPs, to establish a bridge between 

the type of actions of the VWP and the type of actions of the choreography; 

 Proposes the use of a reasoner to take advantage of the rules, constraints and other 

choreography specifications to validate the staging of the choreography; 

 Suggests the use of a planner to create plans of actions that check the feasibility of the 

staging of the choreography, i.e. according to the current state of the VW, checks 

whether there is a set of actions that can be executed to achieve the choreography goals. 

The planner is also used to create plans of actions to instruct the behavior of virtual 

actors;  

 Supports computer-controlled actors that replace human users in the choreography. 

9.3 Answers to the research questions 

Considering the previously described achievements, this section summarizes the solution achieved to solve 

the problem in hands (cf. section 1.3), by revisiting and answering the research questions (cf. section 1.4). 

How to author and maintain a choreography avoiding particular dependencies of virtual worlds?  
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Ontologies as representation models for choreographies were used because they allow one to represent 

knowledge at a conceptual level close to the human conceptual level. The choreographer performs the 

choreography authoring and maintenance processes without platform concerns. The staging of the 

choreography in a VWP is carried out by the Stage Manager component that bridges the gap between the 

representation and the staging, taking into account the particularities of this VWP. 

How to represent a generic high-level choreography containing a set of actions and their interdependencies? 

A foundational ontology (inspired in the STRIPS conceptualization) was developed. It allows representing 

actions and relating them to each other by using pre- and post-conditions. 

How to represent a generic high-level choreography that allows controlling the progress of staging? 

In addition to the pre- and post-conditions that allow to define the sequence of actions, the representation 

of roles was added to the foundational ontology, in order to control which actors can perform the actions. 

Each actor plays a role, so the actions she/he/it can perform are those associated with the role she/he/it 

plays at that time. 

How to transform a choreography that is independent of any platform to a choreography dependent of a particular platform in 

order to reflect its own specificities? 

The Model-Driven Engineering (MDE) paradigm was adopted. The transformation of a generic 

choreography (independent of any platform) into a platform-specific choreography (where it will be 

staged), is conducted through a set of model transformation processes based on mapping specifications.  

How to deal with the maintenance of the choreography to face future evolutions of the choreography or even the VWPs? 

This problem is handled almost automatically by the use of ontologies and the MDE paradigm. Only in 

specific cases will the mappings need adjustments (cf. section 9.2 – The Mapping).  

How to stage a multiuser choreography in a VWP and control the behavior of characters according to the rules of that 

choreography? 

The staging of the choreography is driven by the Stage Manager component that is composed by other 

sub-components. The VirtMan component monitors and controls what is happening in the VW 

informing the ChorMan about changes in the VW as well as actions triggered by actors. The ChorMan 

component provides the VirtMan with feedback related to the actions triggered in the VW, according to 

the rules of the KB. General-purpose reasoner is adopted to validate and control every actor’s action. 

How to combine in a multiuser choreography staging, both human and computer-controlled actors? 

The NpcMan component allows representing computer-controlled actors. Thus, the staging of a multiuser 

choreography can be performed by actors controlled by human users and NpcMan. General-purpose 

planner is adopted in order to generate a plan of actions to be performed by the computer-controlled 

actors. 
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9.4 Ongoing and future research 

Authoring choreographies according to the proposal corresponds to editing an ontology by integrating 

others. These days, editing ontologies is typically performed using knowledge-engineer-oriented tools that 

(instead) are not tailored for choreography authors. For this reason, it is important to promote the 

development of authoring tools that support choreographers during the authoring process towards 

minimizing their effort and necessary knowledge about ontology development. For instance, the handball 

tactics tools developed by Lopes et al. [192] could be used to generate ontologies. 

Although the proposed approach allow representing actions with precedence relationship, other issues can 

be explored especially those relating to time, i.e. how to specify and control the time concerning actions 

(either real time or simulated time). For example, address how to answer the following questions: 

 How much time must elapse between actions? 

 How much time is available to perform a given action? 

 How long must take a particular action? 

 What other types of time limits may be specified? 

 How time is specified (in the choreography) and how to control it (in the staging)? 

 What are the consequences of not meeting deadlines? 

Capture these temporal characteristics in the choreography would enable its staging with greater control 

and accuracy. 

Mapping1 and Mapping2 are two processes that are addressed in the ontology matching research field, 

aiming to develop automatic processes for establishing alignments between pairs of ontologies. The 

proposed research in ontology matching mechanisms focus their capabilities in analyzing different 

ontology dimensions of the (e.g. syntax, lexical, semantic) and in past matching experiences. In that sense, 

in the future, the Mapping1 and Mapping2 processes can therefore be refined to incorporate automatic 

matching mechanisms that exploit past, well-defined alignments about the same domain or the same 

platform. So, it would be possible to increase the ability to automate these processes while reducing the 

need for user intervention. 

For further probing of the proposal presented in this thesis, it would be interesting to use both 

quantitative and qualitative methods in a perspective of time and effort analysis. I.e. determine the 

advantages and disadvantages of (i) the conventional approach (to represent a choreography focusing its 

staging on a specific VWP) and (ii) the proposed method, considering both time and effort required for 

deploying several choreographies, to several VWP, through several evolution iterations. 
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Serious games often involve simulations of real-life processes. Although they can be used for several 

purposes, including marketing, crowdsourcing or recruitment, their most prevalent use is for education 

and training, a field where it is common to find well-defined rules. Because choreographies allow the 

definition of actions, roles, and rules, they can provide an important contribution to data flexibility and 

enrichment in the field of serious games. 

There are situations where the inconsistency of the KB can be explored in the context of 

learning/training. Situations can be explored in which the trainee is tested and should fix the existing 

problems. For example, the trainer may want to introduce inconsistencies in the KB so that the trainee 

makes decisions and performs the necessary actions to restore consistency to the KB. However, the 

proposed system does not allow inconsistencies in the choreography’s KB. While allowing inconsistencies 

in the KB does not imply architectural changes in the proposed staging component (Stage Manager), it 

requires treating the actors’ actions differently depending on the parameterization of each particular 

staging (i.e. whether inconsistencies are allowed or not). 

Similar analysis and future work is required for the feasibility validation of the choreography, i.e. whether 

actors’ actions leading to dead ends are allowed or not. 

The paradigm of users’ interaction with virtual worlds is based fundamentally on the keyboard and mouse. 

Yet, a wide range of equipment enabling other forms of interaction, while being richer, engaging and 

realistic is nowadays available. Display devices such as "Oculus Rift" and "Microsoft HoloLens" or input 

devices such as "Microsoft Kinect," "Leap Motion" and "Prior VR" have become popular very suddenly. 

This paraphernalia of new equipment can be adopted to provide a more refined form of user to interact 

with the system. Some of these input devices provide a very realistic and accurate way of expressing 

actions as is the case of gloves with sensors that detect levels of pressure and rotation, and video cameras 

which detect the movements of the human body and their joints with high precision. To embed this 

increased level of precision in choreography, it will most likely be necessary to extend and refine the 

choreography's ontologies to accommodate such representation requirements. 

In addition to exploring choreographies in a context of interaction using virtual worlds, it is also an 

intention to explore choreographies in contexts of interaction in the real world. Using these new input 

devices (equipped with high precision sensors), users can perform the actions in the real environment that 

would be captured by the input equipment and inserted in the KB. Subsequently, these actions would be 

validated and the user would be informed of the results via suitable means. Thus, in addition to training 

using a VW with online validation, the trainee can perform the choreography in the real world receiving 

real-time, online or offline validation. 
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9.5 Final remarks 

Despite all the challenges still facing this area of knowledge and respective technology, the approach 

proposed in this thesis addresses and proposes directions for solving relevant problems respecting the 

authoring and maintenance of different choreographies for staging in different VWP.  

The use of ontologies and MDE proved to be a particularly strong combination in tackling the problem of 

the evolution of both choreographies and VWP. Evolution is handled fully automatically, except when it 

is necessary to include new concepts in the choreographies (cf. section 6.4). 

The use of ontologies, especially those focused on DL, and its representation using languages such as 

OWL-DL, is very convenient because: 

 Ontologies allow the integration of all the modeling information related to the choreography in 

the same model, i.e., the definition of procedures related to teamwork and the information about 

the scene; 

 enables the use of reasoning engines. A reasoner is a great ally as it provides an inference engine 

with a rich set of features. It enables (i) the validation of information in the KB, checking whether 

its state is consistent, and (ii) an automatically evaluation and classification of instances based on 

the KB. During the staging of a choreography, actions triggered by characters is dynamically and 

completely validated by a reasoner. 

Authoring is obviously the most time-consuming and creative process, while semiautomatic Mapping1 

and Mapping2 processes require reduced time and effort. Once these processes are driven by the 

choreographer, the transformation and execution processes are fully automatic. 

Despite the contributions proposed in this thesis, the ideas presented in previous section show that this is 

only the starting point for future research. 
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