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This work presents a methodology to formally model and to build three-dimensional
interaction tasks in virtual environments using three different tools: Petri Nets, the
Interaction Technique Decomposition taxonomy, and Object-Oriented techniques. User
operations in the virtual environment are represented as Petri Net nodes; these nodes,
when linked, represent the interaction process stages. In our methodology, places
represent all the states an application can reach, transitions define the conditions to

KeyWDTdﬁ-’ start an action, and tokens embody the data manipulated by the application. As a result
:)“ttefal\clt‘:’“ tasks of this modeling process we automatically generate the core of the application’s source
etri Nets

code. We also use a Petri Net execution library to run the application code. In order to
facilitate the application modeling, we have adapted Dia, a well-known graphical
diagram editor, to support Petri Nets creation and code generation. The integration of
these approaches results in a modular application, based on Petri Nets formalism that
allows for the specification of an interaction task and for the reuse of developed blocks
in new virtual environment projects.

Specification
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1. Introduction (PN), the Unified Modeling Language (UML), or Finite
State Machines (FSM), which can describe the system’s
function and components. These methods provide not

only a better understanding but also a preliminary

The development process of Virtual Reality (VR)
applications still uses ad-hoc modeling and implementa-

tion techniques, with very little standardization and
almost no formalism. This can be noticed particularly in
efforts devoted to scientific applications, leading, in most
cases, to code rewriting and hindering application
analysis before its implementation.

In order to better understand a VR application,
especially its possibly intricate interaction flow, it is very
helpful to use some kind of formal method like Petri Nets
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evaluation of each phase of the system’s operation.
Moreover, a model-based description facilitates the auto-
matic generation of the core application code from
graphical representations. The model-based code genera-
tion approach already has produced interesting results in
other domains, such as the development of user interfaces
for mobile computing [17,35], and the development of
web applications [5,21].

Besides formal specification tools, some researchers
have sought to develop taxonomies to document and
specify virtual environments (VEs) at an abstraction level
closer to the user’s view instead of the programmer’s
concept of the application. VEs use nontraditional devices
and techniques for three-dimensional interactions that
need to be carefully planned, since different physical cues


www.elsevier.com/locate/jvlc
dx.doi.org/10.1016/j.jvlc.2010.01.002
mailto:rafael.rieder@pucrs.br
mailto:abraposo@tecgraf.puc-rio.br
mailto:pinho@pucrs.br

R. Rieder et al. / Journal of Visual Languages and Computing 21 (2010) 136-156 137

are mapped during a computer simulation to allow the
user’s tasks to be performed directly in a three-dimen-
sional spatial context. Some taxonomies seek, for exam-
ple, to identify the interaction process phases [6], to
classify interaction techniques [7,18,25], and to organize
the system’s control [10]. These approaches split the
systems into smaller parts, identifying behavior patterns
and allowing to encapsulate them into classes that are
capable of executing relevant functionalities. They also
allow reusing these classes in other projects and combin-
ing them to build a new interaction technique, for
example.

The use of both formalisms and taxonomies aims to
better define the interaction processes, reducing the time
spent for the design and implementation of VEs. There-
fore, an integration of both approaches can join the best of
each: system specification according to the user’s level of
expertise, evaluation in the early stages of the develop-
ment process, and detailed information on each phase of
the software development process.

This paper describes a methodology that supports the
design and implementation of software modules, which
represent the interaction process phases. Our methodol-
ogy integrates three modeling approaches: PN formalism
[19], the interaction technique decomposition taxonomy
created by Bowman and Hodges [6] and object-oriented
programming concepts. The combination of these ele-
ments allows for the description of interaction tasks, the
sequence of interaction processes being controlled by PNs
with the codes generated automatically.

The PNs are used to graphically and formally represent
the VE behavior patterns, based upon the phases of the
interaction process according to Bowman'’s taxonomy. The
adoption of these approaches provides a model that can
be easily coded using a set of G+ classes. A PN simulator is
used to control the program'’s execution flow.

The choice of PNs to specify tasks in VEs emerges when
we start using Bowman’s methodology because the
interaction tasks can be easily understood as transitions,
while the states reached by the application can be under-
stood as places in the PN. With this approach, the definition
of independent modules to represent the system’s func-
tionalities is straightforward. The logical separation into
modules is important, for example, to develop interaction
technique frameworks, or to facilitate an automatic code
generation from a tested and validated model.

By integrating a taxonomy for interaction techniques,
the formalism of PN and automatic code generation, the
present work addresses the entire development cycle of a
three-dimensional interaction. This cycle begins at the
design stage, based on Bowman’s interaction taxonomy,
then moves to validation and debugging using PN
simulation, and ends up with automatic code generation.
This approach is different from existing works because the
design process is focused on the user’s view and on task
decomposition, which allows analyzing the system in
different levels of detail, making the communication
between development teams and end-users more effec-
tive during the entire project. Existing approaches are
specialized in specific parts of the cycle, as will be
discussed in the section about related work.

This text is organized as follows: first we present a
literature review in Section 2. Section 3 describes the
developed methodology. In Section 4 we present a case
study applying the methodology, and we show the neces-
sary steps from application modeling to code generation
for a VE. This section also discusses the possibility of
hierarchical modeling using our methodology. In Section
5, we describe two case studies that illustrate the use of
our approach in realistic settings, such as cooperative
manipulation and innovative three-dimensional interac-
tion applications. Section 6 presents a brief discussion
about the use of the developed methodology, whereas
Section 7 describes the goals we want to achieve with
future work. Section 8 concludes the paper highlighting
the potential of our approach.

2. Related work

Smith and Duke [28] point out that the lack of formal
descriptions during the development process of virtual
environments inhibits the identification of similarities
among different interaction techniques, leading to the
“reinvention” of existing techniques. Furthermore, ac-
cording to Navarre et al. [20], informal descriptions are
prone to ambiguities during the implementation process.

Different mechanisms have been proposed by the VR
community to describe and implement interaction tech-
niques, seeking to understand the dynamic behavior
patterns of the applications and allowing the standardiza-
tion of important functions.

This section presents an overview of the methodolo-
gies used to specify and implement the interaction
process in VEs. Techniques and frameworks used to define
the base of this work are briefly mentioned, focusing on
the goals, advantages and disadvantages of each one of
them.

2.1. Approaches for interaction technique specification

Interaction technique specification is an important
task from the perspective of both users and designers.
Users require interaction techniques that allow them to
complete interaction tasks in a particular application, and
designers have to build systems that make the required
interactions possible [27]. The existing approaches for
interaction technique specification that are more closely
related to this work are presented in the following
paragraphs.

HyNet [31] is a specification methodology for interaction
techniques that integrates three modeling approaches. High-
level PNs represent the formal base for the specification,
defining the application’s semantics and allowing a graphical
representation of the application’s events (the discrete
part of the application). Differential Algebraic Equations
handle the continuous behavior pattern of the application,
and Object-Oriented Concepts help enhance the expres-
siveness of the methodology, generating concise and
compact models.

Based on HyNet, the Flownet methodology [32] was
developed to describe dynamic behavior patterns in VEs.
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It provides a different graphical notation that allows for
the specification of both the discrete and continuous
behavior patterns of the application.

Interactive Cooperative Objects (ICO) is a formal
notation for the specification of interactive systems [23].
It borrows concepts from Object-Oriented Programming
to describe the structural or static aspects of systems, and
uses high-level Petri Nets to describe their dynamic
aspects. According to the authors, the specification
created using ICO can be simulated, providing the
possibility to quickly prototype and test an application
before it is fully implemented.

The above specification approaches provide systematic
methods for interaction technique design, testing and
refining, facilitating the description of systems. However,
neither HyNet/Flownet nor ICO are related to any
interaction technique taxonomy or provide any support
for the automatic generation of code, which requires a
deeper knowledge of the formalisms used, both by the
designers and the developers, especially in the imple-
mentation phase.

2.2. Taxonomies for interaction techniques

We can also view the development process of VEs
under the perspective of the interaction techniques used,
with the aim of classifying them in order to better
understand their components, and therefore the possibi-
lities of software reuse in new applications.

Lindeman [18], for example, presents a taxonomy that
classifies interaction techniques according to the type of
manipulation technique (direct or indirect), the system
actions (discrete or continuous) and the degrees of
freedom controlled by the interaction technique. This
approach helps identify the parameters involved in each
interaction technique, facilitating the development of new
forms of interaction.

Bowman et al. [7] present two complementary taxo-
nomies to classify interaction techniques. The first is a
metaphor-based taxonomy that seeks to facilitate the
user’s understanding of the interaction techniques used in
a particular VE. The idea is to take a given real action or
situation as frame of reference for the user to understand
how to interact in the VE. The second taxonomy, based on
task decomposition, aims to perform a detailed analysis of
the interaction process. According to the authors, the
separation of tasks into simpler modules allows each of
them to be analyzed and tested independently, serving as
a tool for evaluating the usability and effectiveness of an
interaction technique in a particular context or VE.

Another advantage in the use of a task-decomposition
taxonomy is the possibility of reusing or combining
interaction technique components in new projects. Be-
sides flexibility, this feature allows for the conception of
new techniques that are adequate for specific situations.
Taxonomy and categorization are good approaches to
understand the details of interaction techniques and to
formalize the differences between them [6].

Csisinko and Kaufmann [8] present an approach to
standardize the development of three-dimensional user

interaction techniques. The authors propose to implement
the techniques directly in the driver that controls the
tracking device, using Python scripts as an extension of
OpenTracker Framework [26]. This solution uses a varia-
tion of the Bowman'’s taxonomy, introducing an orthogo-
nal property to describe the level of support provided by
the driver: full, partial or not implemented in the tracking
middleware.

According to the authors, this script-based approach
enables testing, studying and evaluating new techniques
without changing software components already done, in
contrast with the monolithic or even modular approaches.
A central repository of interaction techniques is being
created to ease the use of this approach in different
setups. The authors also suggest how this approach could
be used to decouple the menu system control from the
application with the final goal of helping to establish
standards for three-dimensional interaction. However,
this solution depends on the resources provided by a
specific framework, which makes the implemented
techniques hard to reuse in other platforms.

One way to exploit the use of standardization in VR
projects, independently of device or platform, is to
integrate code generation into the system model, im-
plemented in design time. Thus, the model preserves the
particular features of each interaction technique, allowing
its components to become independent from system
characteristics, such as programming language, devices
or framework.

2.3. Frameworks and tools for code generation

VR frameworks have the purpose of separating func-
tions into modules, allowing for the abstraction of the
complexities of some system actions, as well as the reuse
of these software modules in different projects.

Figueroa et al. [14] propose an interaction technique
architecture development based on pipes and filters,
where information sources such as physical devices
generate a flow of data that are propagated through
interconnected filters. This work presents the InTML
markup language, based on X3D,? to act as front-end for
VR development libraries. Using this methodology, inter-
action techniques can be built and used as external
components, independently from the application. This
approach allows for the integration of existing interaction
techniques and the creation of new ones, facilitating
software reuse and reducing the VE's complexity.

Similar to INnTML, the Unit framework [22] also inserts
an abstraction layer between the applications and its
devices, and introduces application units into a data flow.
Each unit has many different properties and can be
interconnected to many other units. Moreover, the frame-
work also allows the replacement of interaction techni-
ques at run-time, as they have been specified during the
project phase.

The code generation processes, offered by InTML and
Unit, result in interpreted code, which may jeopardize the

3 Web3D Consortium is available at http://www.web3d.org.
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quality of the interaction if the hardware does not support
the application demands. Moreover, InTML and Unit only
provide code generation in Java, while most graphics/
scene graph libraries used by VR applications are written
in C/C+. This characteristic restricts their use to some
specific libraries for Java.

Wingrave and Bowman [33] propose an architecture
based on hierarchical state machines named CHASM,
which is responsible for the communication between the
designer and the programmer and between the program-
mer and the three-dimensional interface, making it easier
to manage and reuse code. According to the authors, brief
descriptions of interaction techniques (named “concepts”)
are used to compose complex interaction tasks. These
concepts can be integrated into other concepts, which the
authors call “component concepts”, without altering their
descriptions. This way, techniques like the Virtual
Hand can be used together with other techniques without
having to be coded again. Toolkits such as HsmTk [2],
for example, provide mechanisms to graphically manip-
ulate these concepts, allowing designers and program-
mers to identify different tasks associated with an
interaction technique. However, we have not found an
evaluation of these resources for immersive virtual
environments.

Arnd Vitzthum [30] presents a visual design language
that focuses on the formal pre-implementation specifica-
tion. His solution, called SSIML (Scene Structure and
Integration Modeling Language), is an extension of the
UML that allows specifying the three-dimensional world
structure and the integration of application logic, asso-
ciating UML classes and three-dimensional scene ele-
ments. This approach also provides automatic code
generation, parsing the models to programming lan-
guages such as Java, XML, and VRML97.

In tests with small Augmented Reality applications, the
SSIML was compared with traditional development
techniques and was considered an asset for task-focused
domains, generating less code than the traditional
implementation. According to the author, the model-
driven implementation encourages a structured develop-
ment, but previous experience with software engineering
principles and visual modeling languages is essential. The
use of a simple model-driven approach composed of a
small number of graphical components, for example,
could make the use of this kind of specification easier in
projects in which non-expert users are involved.

Figueroa et al. [13] present a conceptual model of user
interface components which allows to generalize user
interface components and to port them to different
hardware settings and application contexts. Based on
two previous specification frameworks (InTML for inter-
action techniques [14], and Contigra for three-dimen-
sional widgets [9]), this model focuses on the
standardization of the three-dimensional user interface
development, facilitating the process of reusing and
documenting Three Dimensional Interface Components
(3DICs) in a uniform and extensive way. For this purpose,
the authors are developing an XML-based specification
language called Interface Component Description Lan-
guage (ICDL) able to describe these interface components.

An online repository* already shows the first versions of
the 3DICs specifications, but the authors comment that
the proposed model and language are still being refined.
However, this model requires a parsing tool integrated to
the application, which could interfere in the quality of
interaction if the hardware does not support the system
requirements.

Using a different perspective from the previously
presented works, Ying and Gracanin [34] aim to under-
stand the interaction process of existing VR applications.
Analyzing an existing code, the information related to the
user interaction is extracted and organized in an XML file
that serves as a base for building a PN model representing
the target application. By simulating the PN, one can
“view” the interaction process through the PN behavior
pattern while the user is interacting with the VR
application. Nevertheless, this approach is restricted to
the test phase and does not contemplate previous steps of
the software development process, because reverse code
engineering is used to create description files. Moreover,
this idea is limited to specifying non-immersive virtual
environments written in VRML/X3D languages. More
complex VEs written in C/C+ or Java languages, for
example, cannot be described or projected.

Despite that, the use of a formalism like PNs before and
during implementation allows each module of a system to
be analyzed both separately and in conjunction. Compo-
nents could be built and reused in new projects, avoiding
rework and the occurrence of errors. The behavior of the
system also could be visually displayed. The result of this
process would be a coherent and structured application,
with interconnected modules that keep the system
organized and controlled.

3. Methodology

From the literature review, it can be noticed that the
approaches presented have specific advantages and goals.
However, in general, they do not address the entire
development cycle of computer applications, especially
concerning the final phases of debugging and code
generation. Aiming at this goal, this project proposes a
methodology for the hierarchical development of a VR
interaction process using Petri Nets, beginning at the
design stage, based upon Bowman’s interaction taxon-
omy, up to the implementation phase, relying on the
Object-Oriented Programming paradigm.

The main purpose of the proposed methodology is to
design and implement modules that represent the steps of
the interaction process. The use of formalism in conjunc-
tion with an interaction taxonomy allows for a detailed
specification of the system, as well as facilitates the
structuring and implementation process, encapsulating
functionalities. These characteristics enable the generated
modules to be tested in advance and reused later,
simplifying and accelerating the development of VEs.

Our methodology uses PNs because they are a well-
known formalism and have many variations. Petri Nets

4 3DICs is available at http://w3-mmt.inf.tu-dresden.de/3dic/.
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are a graphical notion and at the same time a precise
mathematical notion [12]. According to David and Alla
[11], it is a graphical and formal modeling method used to
describe and analyze systems with parallelism, concur-
rency, synchronization and resource sharing, among
which we can include VR applications. Its graphical
representation, composed of four basic elements (places,
transitions, arcs, and marks or tokens), allows a person
without advanced knowledge of VEs to easily understand
the functioning of the system, and outlines the desired
behavior patterns in a new environment. In other words, a
PN represents the application states as places, and state
changes as transitions [19]. Transitions have input and
output places representing the pre- and post-conditions of
the events. Arcs are used to connect places and transi-
tions, directing the sequence of actions. Tokens indicate
that data items or resources are available to satisfy
conditions.

Moreover, the power of expression of the formalism
combined with the existing tools for simulation and
analysis allows PNs to be used to preview and test
application behaviors before actually implementing
them. Formal description techniques make it possible to
describe systems in a complete and unambiguous way,
thus allowing for an easier understanding of problems
between the various subjects taking part in the develop-
ment process. Analysis methods, such as place invariants
and reduction techniques, can be used to verify PN
properties, such as liveness, a desired property in VR
systems because it can prove the absence of deadlocks.
However, in this work we are focused on simulation tasks
(program debugging and execution), as a first step to
establish our methodology.

Compared with other representation forms, such as
UML and FSM, PNs also support the modeling of
conflicting actions, a common feature in computer games
and Collaborative Virtual Environments, where two or
more users may try to manipulate a specific object at the
same time. In these kinds of applications, there is
generally a priority rule that guarantees one of the users
the exclusive access to the object.

Like FSM, PNs also allow hiding application details
using hierarchical representations, which abstract low-
level details. However, the use of PN graphical tools
facilitates the visual understanding of the system, because
the diagram can be represented by marks that indicate the
execution flow. This visual feature helps different kinds of
users understand the application’s behavior patterns. PNs
also allow expressing parallel activities or concurrency of
an application [19], such as a simultaneous interaction
over the same object or task manipulated by two or more
users inside a VE. Moreover, FSMs can be represented by a
subclass of PNs.

The graphical representation adopted here is based on
Colored Petri Nets (CPNs) [15]. During the modeling
process, we need a quick and easy way to differentiate the
various types of data that are manipulated in a VR
application. Moreover, during the development process,
we need an intuitive way to simulate the interaction
process in order to allow different software modules to
interconnect and communicate, exposing, in example, the

behavior of an interaction technique in the course of a
specific interaction stage.

In fact, in the case of CPN models the data types can be
represented by tokens with different colors, different
patterns or even different icons. Likewise, the simulation
provides the user with a tool to investigate the CPN
models, testing different interaction technique solutions
and checking whether the model works as expected. Our
methodology offers a code generation solution that
creates an application from a model, where the resulting
program runs internally as a CPN, allowing different
configurations of modules to be more easily created and
simulated.

These extensions are also useful in the PN interpreta-
tion process, as long as the different abstraction levels
represent specific data sets. Moreover, according to Jensen
et al. [16], the behavior of a CPN model can be analyzed,
either by means of simulation or by means of more formal
analysis methods, which allows to investigate the system
design and to verify its properties using an intuitive and
complete modeling language. Tools like CPN-AMI® and
CPN Tools® provide resources to simulate a CPN model
and to test its syntax and semantics. For simplification,
this work refers to CPNs as Petri Nets (PN).

In the proposed methodology, the use of the Object-
Oriented paradigm in conjunction with PN helps specify-
ing the structure of applications, allowing the code to be
organized into classes. This allows for code reuse and,
consequently, the reduction of time and effort during the
development phase.

The methodology presented in this paper aims to
approximate the designer and developer’s conception of
the application to the user’s point of view, modeling the
application under the perspective of tasks which the user
has or wishes to perform inside the VE.

These tasks can be decomposed into elementary tasks
that can be easily identified in most VR applications.
These elementary tasks, according to Bowman and
Hodges [6], split the interaction process into three phases:
selection, manipulation and release. Our work adapts this
taxonomy by subdividing the selection phase into selec-
tion and attachment. The former represents the indication
of the object which the user wishes to manipulate, while
the latter deals with the confirmation of this selection.
Both provide feedback to the user in order to confirm their
execution. The manipulation (positioning and orientation)
and release tasks remain unmodified, following Bowman’s
original conception.

Based on these definitions, our methodology assigns to
each element used in the PNs (places, transitions, arcs,
and tokens) a specific role or function during the
interaction process in a VR application.

Places define the current application state. They have
communication channels to receive and to transmit the
necessary information to execute the PN. They do not
produce any data.

5 CPN-AMI environment is available on http://move.lip6.fr/software/
CPNAMI/.

6 CPN Tools in available on http://wiki.daimi.au.dk/cpntools/
cpntools.wiki.
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In order to make, for example, the selection task
accessible to the user, the place which represents the
selection state must have at least the pointer and the
objects that can be selected, and must ensure that the user
is not already manipulating an object. Fig. 1 represents
this situation using one place and one transition.

Transitions are the PN elements that perform actions,
modifying the application’s behavior pattern. They repre-
sent the tasks in the interaction process. Like places,
transitions have communication channels to receive and
transmit the necessary information to execute the PN, but
they can also produce data and insert them in the
network.

An example of this behavior pattern can be the action
performed at the exact moment the user confirms the
selection of an object. A transition responsible for this task
is fired, executing the operation that attaches the object to
the selection pointer. Fig. 2 models the Attachment Task
transition. Once fired, it establishes the Manipulation State.

141

Arcs define the execution sequence of the PN. They are
responsible for carrying data between places and transi-
tions (and vice versa), setting pre- and post-conditions for
firing a transition or for establishing a state. Consequently,
the arcs define the order of execution among tasks in the
VE. It is important to point out that a place or a transition
can never be directly connected to another node of the
same type.

In order to manipulate an object, first it is necessary to
execute the selection and attachment tasks, because they
provide the information about the object the user has
chosen. Fig. 3 shows this sequence, labeling the arcs with
the necessary data for each task.

In this example, the Selection Task transition needs the
resources (tokens) pointer object, objects available, and no
selected object to be placed in Selection State place to be
fired. For this, an arc labeled with these data connects both
elements. Finally, the result of the Selection Task transition
action (selected object) is passed to the Attachment State

Place: Selection
Selection State Task

L

b
- pointer object : !
- objects available |= = = = = = = < ’I e
- no selected object \ !

I
b
[

Transition:
Attachment Task

t

’__4.
B o
=D
276
= o)
52
=
=
25
[="1
oD

(fired)

Fig. 2. Transition that attaches the selected object to the pointer. Afterwards the application passes to the Manipulation State.

Selection Task

Attachment State

Selection State
{pointer object; objects (lvrzilab/ei
no selected object}

{selected object}

{pointer object; selected object;
pressed button}

Manipulation State

Manipulation Task

T’

{attached object}
position, orientation} |

)
L
\/a’rmm!m' object; attached object;
1

Attachment Task v

Fig. 3. Arcs between places and transitions defining the order and the resources for each phase of the interaction process.
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Selection State

b

Selection Task

.

Attachment State

» @

no selected object)}

{pointer object; objects available;

{selected object}

5 objects available

no selected object ' @y selected object

Fig. 4. Objects and their representation as PN tokens.

Selection Task

Attachment State

Selection State

Attachment Task

Manipulation State

Manipulation Task Release Task

Release State

Fig. 5. A high-level PN for the application.

place, which also may have additional tokens (pointer object
and pressed button) received from other sources. The other
tasks follow in a similar way, resulting in the object
manipulation action.

Tokens are the resources available for executing the
application. Application data such as geometric objects,
menus, tracking data, button clicks, and so on, are
examples of possible tokens. These kinds of resources
can come from the application or from devices like the
mouse, keyboard or tracker. They can be stored inside the
PN’s places, and their values can be updated when they go
through transitions. In our methodology, one token can be
distinguished from another by the type of data they
encapsulate. Fig. 4 shows a PN with tokens represented by
icons. This graphical representation was adopted simply
to facilitate the understanding of the model when it is
based on CPNs.

Because the described model is based on PNs, we need
to set up initial tokens. The starting state of the devices
and the list of geometric objects used in the VE can be
considered as initial tokens, representing the preliminary
system configuration. Following the PN rules we will
always need places to store these initial data.

4. Applying the methodology

4.1. Platform for methodology testing
In order to illustrate the use of our methodology in the
specification process of a VE, we built a virtual living room
application in which the user’s primary goal is to organize
the furniture. Initially, the objects appear distributed in
the room inside the user’s field of vision. There is no set
order for the users to arrange the furniture. They use the
ray casting technique [4] to interact with the objects.
This application, although simple, presents all the
interaction process phases proposed by Bowman, besides
allowing for the identification of each state of the
interaction process. It was built using C+, OpenGL, GLUT,

and the SmallVR? toolkit, which simplifies the develop-
ment of VR applications by abstracting many implemen-
tation aspects such as device control and scene graph
management, while maintaining the GLUT structure for
the program.

The designer needs to follow three steps to apply the
methodology:

1. Identify the VE tasks according to Bowman’s taxon-
omy, as well as the main states reached by the
application after executing each task.

2. Define a PN with the tasks and states identified in the
previous step.

3. Implement the model, using a set of classes specially
developed to build the PN and to control its execution.
Each of the above steps is detailed below.

4.2. Interaction identification step

The first step of our methodology identifies the
application phases based on Bowman'’s taxonomy.

The application starts with the Selection State (see
Fig. 5), in which the user can move the pointer, looking for
an object to select. From this point the Selection Task tests
whether there is a virtual object indicated by pointer. If so,
the Selection Task transition is fired, and the Attachment
State is established.

At this point, if the user presses and holds the selection
button, the Attachment Task is fired attaching the selected
object to the pointer and establishing the Manipulation State.

Once this state is established the PN fires the
Manipulation Task, which allows the user to relocate the
object using the pointer. In order to simplify the model,
we omitted some feedback normally provided by the user.

If the user releases the selection button, the Release
State place enables the firing of Release Task, separating
the pointer from the previous selected object.

7 SmallVR toolkit is available at http://grv.inf.pucrs.br.


http://grv.inf.pucrs.br

R. Rieder et al. / Journal of Visual Languages and Computing 21 (2010) 136-156 143

4.3. PN model building step

After identifying the application tasks at a high
abstraction level, it is necessary to perform a task
subdivision process, splitting them into smaller parts
(see Table 1) based on the operations each of them has to
execute. Fig. 6 shows the new PN configuration.

Following the methodology, the identification of the
necessary resources (data) — represented as tokens in the
PN - for each interaction phase must be initiated. For this,
PN arcs must be labeled with the token types, in this case
graphically represented by icons.

The places Selection State, Attachment State, Manipula-
tion State and Release State need to be updated with
information about the devices and control variables of the
application. Therefore, tokens with these data must be
transferred to them, as can be seen in Fig. 7, which
presents the complete PN model for the application. Using
formalism, interaction devices and the application can be
represented as source transitions in the PN model, as they
do not have input places, being always enabled to fire and
to produce tokens for the net (in this case, information
about the user’s physical interaction and the VE state).
However, the token generation and the firing of these
transitions are controlled by the application, according to
the interaction process stage. This procedure prevents the
storage of unnecessary tokens in places. In Fig. 7 the
devices are represented by triangles, while the application
is represented by hexagons. These shapes are merely
illustrative and serve only to help understand the network.

The pace of the PN simulation is controlled by the
application, which tests each transition every time the
user’s view needs to be modified, guiding the execution of
the actions. In this step, the simulator fires the transitions

Table 1
High-level tasks detailing.

High-level tasks Basic operations

Indication subtask
Indication feedback subtask

Selection task

Confirmation subtask
Confirmation feedback subtask

Attachment task

Manipulation task Positioning subtask

Repositioning subtask

Release task e Detachment subtask
e Detachment feedback subtask

that have their pre-conditions fulfilled. Firing a transition
generates a call to a function previously assigned to the
task. In other words, all the transitions are checked at
every rendering cycle and either fired or not, depending on
the existence of the pre-conditions (the required tokens).
Therefore, it is possible to analyze the logic of the process
combined with the system and device behavior patterns.

A complete cycle of the PN execution can be inter-
preted as follows: initially, the application controls the
firing of the source transitions (devices and control
variables), checking whether they are enabled to send
tokens to the Selection, Attachment, Manipulation, or
Release states, according to the task being performed.
When the Indication Subtask transition receives all the
necessary tokens from the Selection state, a function of the
application is fired, unpacking its data (list of objects,
pointer, and control variable, which indicates that there is
no object being manipulated) and testing for a collision
between the user’s pointer and one of the objects inside
the VE. If there is a collision, the transition creates a new
token to represent this object and passes it to the
Indication state. Once established, this state fires the
Indication Feedback Subtask transition, which is responsible
for calling a function that highlights the object in order to
differentiate it from the other objects in the VE.

Immediately, the Attachment state receives the token
that represents the selected object. This state receives
the pointer token and may include the information that
the button has been pressed by the user. When all
these tokens are present at the Attachment state, the
Confirmation Subtask transition is fired, calling a function
that attaches the selected object to the pointer.

The token that represents the selected object is then
sent to the Confirmation state, which then fires the
Confirmation Feedback Subtask transition, which calls a
function that produces a beep, informing the user of the
success of the attachment process. Then, a token en-
capsulating the name of the selected object is sent to the
Manipulation state, which defines the start of the manip-
ulation process. This state can store the tokens that
represent the pointer, the data that come from the tracker
device (considering that the button is still pressed) and
the selected object. As soon as the Manipulation state
receives these tokens, the Positioning Subtask transition is
fired. This will request a function to update the object’s
position based on the tracker data received from the
Manipulation state. After this the transition generates a
new token with the name of the selected object, and sends
it to the Release state as well as back to the Manipulation

Confirmation
Feedback

Confirmation
Subtask

Feedback
Subtask

Indication
Indication

Subtask

Selection State Indication State Attachment State

Confirmation State
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Fig. 6. PN model detailing the interaction process of the virtual living room application.
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Fig. 7. PN model and data resources for the interaction process in our application.

state, through the Repositioning Subtask transition. While
the selection button remains pressed, the Positioning
Subtask transition is repeatedly fired, allowing the user
to freely move the object.

If the button is released, the Manipulation state will no
longer fire Positioning Subtask transition. Concurrently, the
Release state receives a token informing that the user has
just released the previously selected object, as well as a
token that encapsulates the object’s name. As the
information about the pointer is available, the Detachment
Subtask transition is fired. This transition requests a
function to release the object in its new position inside
the VE. Immediately, the Detachment state receives a token
that fires the Detachment Feedback Subtask transition,
which then calls a function that produces a beep informing
the user of the success of the detachment process. A token
is then sent to the Selection state, returning to the initial
state and allowing for a new selection to be executed.

4.4. Implementation step

Once the modeling process is concluded, the next step
is to generate the application code. In order to facilitate
this process, we developed a set of C+ classes, described
by the UML diagram presented in Fig. 8. These classes
represent the PN nodes and use signal and slot mechanisms

[3] as the communication tools between places and
transitions.

The classes that define places, arcs and tokens can be
directly used to instantiate objects. Nevertheless, transi-
tions must be implemented with new classes derived
from the abstract class that represents a generic transi-
tion. This approach forces the developer to implement the
methods that are essential for the model’s simulation.

In order to derive the implementation, we start with a
graphical description of the PN, created in the Dia® editor.
From this diagram, an XML specification is obtained
which, in turn, originates a G+ code (Fig. 9).

The following subsections intend to detail these three
stages illustrated in Fig. 9, presenting solutions and
procedures used for each one.

4.4.1. PN graphical modeling
There are different tools to build graphs and other kinds
of diagrams, such as Xfig®, MS-Visio!?, allCLEAR!!, and Dia8.
In our project, we chose the Dia editor because it is an
open-source and multi-platform tool, released under the

8 Dia editor is available at http://live.gnome.org/Dia.
9 Xfig editor is available at http://www.xfig.org.
10 Microsoft Office Visio 2007 is available at http://office.microsoft.-
com/visio.
1 allCLEAR flowchart is available at http://www.allclearonline.com.
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Object
- _name : String 4

Token

- _data : void*™

- _tlassName : String

® + getNamed) : String

+ setNare(name : String) : void
+ getClassName() : String

+ getData() : void*
+ setData(dt : void™) : void

+ getClassName(className : String) : void

PetriNet

# _petrinetList : List {InteractObj}
- _externalObjList: Vector {InteractObj}
- _extemalTkList : Vector (Token)

+ connectPN(obiSender : InteractObi, nameCOut : String, obiReceiver : InteractObj, nameCin : String) : boolean

+ exposeln(thisNameCin : String, objReceiver - InferactObj, nameCin : String) : void
+ exposeQut(objSender : InteractObj, nameCOut : String, thisNameCOut : String) : void

PlacePage + disconnectPN(objSender : InteractObj, nameCOut : String, objReceiver : InteractQbj, nameCin - String) : boolean
+ addElement{name : String, element : InteractObj) : void
- _order:int o + removeElement(name : String) : void

+ getElement(name : String) : InteractObj

+ changeElement(name : String, newElement : InteractObj) : void

+ inserfTokendvalue : void®, tk : Token, objReceiver : InteractObj, namecCin : String) : void
+ updateToken(value : void*, tk : Token) : void

- verifyPNList{name : String) : void
- efernalConnect(tk : Token, objReceiver : InferactObj, nameCin : String) : void

+ addConnOut(name : String, className : String) - void
+findCor String) : Connectorin
+findConnOut(name : String) : ConnectorOut

+ externalEmit("tk : Token) : void

# acquireDatad) : Vector {Token™}

# acquireMames() - Vector {String}

- <<signal>> sendExternalData(*tk : Token) : void K}

TransitionPage
- _order:int
+ exposel NameCIn : String, obj InteractObj, nameCin : String) : void —‘
+ exposeOut(objSender : InteractObj, nameCOut : String, thisNameCOut : String) : void
Transition
Place - _order :int
- _order:int # preProcessingTokens() : void
- # distributeTokens() . void
InteractObj (- r
~] #connectorinList : Connectorin
# connectorQutList : ConnectorQut
-index: int K Connectorin
« un) - void I< - _parent: InteractObj
+ addConnin{name : String, className : String) : void - _token : Token

+ dispatch()  void

+ <<sglot>> receiveDatadtk : Token) : void
+isFull) : boolean

+ getTokend) : Token

+ setParent(p : InteractObyj) : void

+ getParent() : InteractObj

- veriffConnin(name . String) : boolean

- verifyConnOut{name : String) : boolean

- addConnectorin(cln : Connectorin) : void

- addConnectorOut("cOut : ConnectorOut) - void

- removeConnectorin{®cin : Connectorin) : void

- removeConnectorQut(*cOut : ConnectorOuf) : void

T

+ getDataToken() : void*
- ==gignal=> sendData(lk : Token) : void {page}
- validateToken() : boolean

ConnectorOut

- _parent : InteractObj
- _token : Token

+ dispatch() : void
+ =<glot=> receiveData(lk - Token) : void {page}

+ sefTokendtk : int) : void

+ gefToken() : Token

+ setParent(p - InteractObyj) : void

+ getParent() : InteractObj

+ getDataToken(dt : void®) : void

- <=gignal>> sendDatadk: inf) : void

Fig. 8. Classes used to implement the PN model.
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XML file
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PN model C++ file

Fig. 9. Methodology stages during the implementation step.

GPL License and part of the GNOME Project.!? Using Dia, it
is possible to add support for new types of diagrams by
writing simple XML files, thereby creating specific
libraries with elementary objects called “shapes”.

This feature also allows diagrams to be stored in XML
files, facilitating the conversion of models to other
codification forms, such as Java and C+ languages, or
other markup languages, such as PNML (Petri Net Markup
Language) [1]. The flexibility of the conversions allows
designers to reuse models in new projects or different
development platforms, and to use other tools able to

12 GNOME project is available at http://www.gnome.org.

validate the syntactical structure of PNs, since Dia has no
native support to formal validation.

In order to support the PN modeling, new shapes have
been created to represent the PN elements place, transi-
tion, arc and token, organized in a library called Petri Net
Interaction Process Diagram. This library, besides facil-
itating diagram drawing, also enables the generation of
C+ code from a PN model. Fig. 10 presents this library
incorporated in the Dia environment.

Once the PN shapes have been defined, it is also
necessary to establish permissions and restrictions for
each PN element, according to our methodology. This
guideline requires the designer to establish names for
places and transitions, to use arcs to connect them, to
label these arcs, and to annotate tokens with their
respective data types. Therefore, the definition of this
shape library also includes the specification rules estab-
lished by the class diagram, as presented in Fig. 8. In doing
so, the models will include a specification of the
functioning of the system during the code generation
process. Even so, the designer still needs to know basic PN
concepts and rules to analyze and improve the models.
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4.4.2. XML specification

As said in the previous section, Dia allows loading and
saving diagrams in XML format.

An important advantage of these XML documents is
that they can be easily transformed into other text
formats. Therefore, Dia uses an XSLT (eXtensible Style-
sheet Language Transformation) file format, which allows
converting XML tags to construct a programming lan-
guage, such as G+

We therefore created two XSLT files that facilitate this
conversion, using an export option offered by Dia. The
first file defines rules to generate an XML file from the
graphical diagram, whereas the second contains rules to
convert from the PN elements to C+ classes.

Fig. 11 shows briefly how the XML code is interpreted
during the CH code generation process. Based on the
transformation rules, the XML file is parsed twice: for
generating a PN code to control the application flow and
for creating the C+ classes to represent actions and
behavior patterns in the interaction process. Since our
methodology uses the current XML file that describes the
drawn structure (Dia has no native support to PNML code
generation), the application flow refers to how the objects
are interconnected (direction of arcs) while classes are
defined by base classes and transition object properties
(tokens to be sent and received). Therefore, it is assumed
that the designer knows basic PN concepts and is able to
draw consistent models. A conversion to PNML or to other
input format for a PN validation tool could be necessary to
check the PN consistency.

4.4.3. Code generation

To start the model implementation, the code generation
process defines the main application file, creating a function
to control the PN. Inside this function, an object from the
PetriNet class is instantiated (see Fig. 12, line 1). This object
represents the entire PN for the application, and is used to
run the simulation and to store places and transitions.
Moreover, it has methods to encapsulate and retrieve data
from the tokens, and to connect the nodes of the PN.

After instantiating the object that represents the entire
PN, places, transitions (see Fig. 12, lines 2 and 3) and tokens
that will traverse the network (see Fig. 12, line 4) are created.
Places are instantiated from the Place class, transitions from a
class derived from the Transition class (Indication class in
Fig. 12), and tokens from the Token class. Places and
transitions are also added to the PN (lines 5 and 6).

As described in Section 3, places and transitions
exchange tokens through communication channels. These
channels are established by linking connectors that are
added to places and transitions. They receive a name and
a data type (lines 7 and 8). After this, to establish
communication between two objects, the code generation
process explicitly connects them, defining the sender
object and its connector, and the receiver object and its
connector (line 9). Fig. 13 shows a brief example of the use
of connectors in PN elements.

For the transitions it is necessary to derive new classes
from the Transition class to represent each transition
defined in the model. This is the second part of the code
generation process. These new classes are composed of
three virtual methods, and their attributes are defined by
tokens that arrive and depart from each transition.

From the example depicted in Fig. 6 we identify the
following new classes and their roles in the model:

e Indication: detects the collision between VE objects
and the user’s pointer.

Indication_Feedback: highlights the indicated object.
Confirmation: attaches an object to the pointer.
Confirmation_Feedback: notifies the attachment.
Positioning: updates the object position.

Repositioning: notifies the new object position.
Detachment: releases the object from the pointer.
Detachment_Feedback: notifies the releasing.

As was the case with the filters defined by Figueroa
et al. [14], the abstract class, which originates the
Transition classes, requires the designer to implement
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<?xml version="1.0" encoding="UTF-8" ?>

- «dia:diagram xmins:dia="http:/ /www.lysator.liu.se/~alla/dia/">

+ «<dia:diagramdata>

- <dia:layer name="Fundo'_usttt="true">

3 Defining the object class

+ <dia:object type="Place" version="0" id="00" name="Selection State":
+ <dia:object type="Place" version="0" id="01" name="Indication State">
+ «<dia:object type="Transition" version="0" id="02" name="Indication Subtask" classname="Indication">

- «dia:object type="Arc" version="0" id="03">
+ «<dia:attribute name="obj_pos">
+ <dia:attribute name="obj_bb">
+ <dia:attribute name="conn_endpoints">
+ <dia:attribute name="curve_distance">
+ <dia:attribute name="end_arrow">
+ <dia:attribute name="end_arrow_length">
+ «<dia:attribute name="end_arrow_width">
- <dia:connections>

Defining a new class
to create

<dia:connection handle="0" to="00" connection="0" /> Establishing the connections
«dia:connection handle="1" to="02" connection="2" /> between PN objects

</dia:connections>
- «dia:inscriptions>

<dia:inscription id="0" to="05" connection="2" />
<dia:inscription 1d="1" to="07" connection="9" />
<dia:inscription id="2" to="09" connection="16" />

</dia:inscriptions>
</dia:object>
<dia:object type="Arc" version="0" id="04">

Linking an arc with
its respective tokens

<dia:object type="Token" version="0" id="05" name="objs" datatype="vector">

+
ey
+ «<dia:object type="Token" version="0" id="07" name="hand" datatype="geom">
+ «<dia:object type="Token" version="0" id="09" name="ctrl" datatype="int">

+

Defining tokens
and data types

<dia:object type="Token" version="0" id="011" name="name" datatype="string">

</dia:layer>
</dia:diagram>

Fig. 11. XML file generated from the model. Its code defines classes to be implemented and determines control connections.

Line Code
01 PetriNet *pn = new PetriNet();

02 Place *pSel = new Place();

03 Indication *tInd = new Indication();

04 Token *tkObjs = new Token{();

05 pn->addElement (“Selection State”, pSel):

06 pn->addElement (“Indication Subtask”, tInd);
07 pSel->addConnOut (*ocbjs”, “vector”);

08 tInd->addConnIn(“objs”, “vector”);

09 pn->connectPN (pSel, “objs”, tInd, “objs”);

10 pn->insertToken (vecObjs, tkObjs, pSel, “objs”):

11 pn->run();

Fig. 12. A simple example of the code generated.

three methods responsible for collecting and distributing
tokens and for processing data inside the transitions.
The preProcessingTokens method receives tokens,
“opens” them and can access the application data. The
distributeTokens method packs the application data inside
a token and delivers them to the PN. Finally, the run
method allows the designer to insert the application-
specific code to do whatever is necessary for application’s
execution. The run method also defines the calls to

preProcessingTokens and distributeTokens. As an example,
Fig. 14 presents the Indication class codification, defining
its methods and attributes (header file) and their use
(source file).

The connection between the PN and external elements
such as data from devices or application-specific data
(like objects, pointers, menus, etc.) can be made with
the insertToken method, available in the Place class
(Fig. 12, line 10).

After all these steps, the PN execution can be started by
calling the run method of the PetriNet class (Fig. 12, line 11).
In order to guarantee that the application’s rendering
cycles and the PN simulation are synchronized, the
designer needs to call the run method at the beginning of
every rendering cycle.

Therefore, the code generation process in the Imple-
mentation Step can be summarized as follows:

e Derive new classes from the Transition base class for
representing the VE tasks.

Instantiate the PN object.

Instantiate the objects for places, transitions and
tokens.

Add these objects to the PN object.

e Add connectors to places and transitions.
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Fig. 13. Connectors of each PN element. The only restriction to link connectors is that the data type must be the same.

#include "Transition.h”
class ConnectorOut;
class Indication : public Transition

0_OBJECT

~Indication() { /* destructor */ };
virtual void run({):

public slots:

signals:

protected:

virtual void preProcessingTokens():
virtual wvoid distributeTokens():

private:
vector<char*> _objectsAvailable;
int _objectControl;

geom *_pointerObject; // Specify your geometric type here

}:

#include
#include "Token.h"
#include "Comne

void Indication::run()
public: {
Indication() { /* constructor */ };

void Indication::preProcessingTokens()
char *_objectSelected: {

void Indication::distributeTokens()

"Indication.h”

Out.h"

// Clean output attributes
_objectSelected = NULL;
preProcessingTokens() ;

Fid
// Insert your code here
/7
distributeTokens():

// Clean input attributes
_objectsAvailable.clear();
_objectControl = NULL;
_pointerObject = NULL;

string locallistNames:
vector<Token*> locallistData;
Token *temp = new Token():
locallistNames = this->acquireNames();
locallistData = this->acquireDataf():
for(int i = 0; i < (int)locallistNames.size(): i++)
{
temp = locallistData[i]:
if{locallListNames[i] == "objectsAwvailable”)
_objectsivailable = *(vector<char*>*)temp->getData();
else if(locallistNames[i] == "objectControl™)
_objectControl = *(int*)temp->getData():
else if(locallistNames[i] == "pointerObject”)
_pointerObject = *(geon®*)temp->getData():

list<ConnectorQut*>::iterator i;

Token *tempObjectSelected = new Token():

tempObjectSelected->setData{ _objectSelected );

for{i = _connectorOutList.begin(); i '= _connectorOutList.end(); ++i)

{

if( ((Connectorfut®) *i)->getName() == "objectielected” )

({(ConnectorOut*) #*i)->setToken(tempObjectielected);
// Send new or updated token
{(ConnectorOut*) *i)->run();:

Fig. 14. Example of a C+ class generated from the graphical representation: (a) Header file (*.h) and (b) Source file (*.cpp).

a
{
b
e Link places and transitions.
e Set up the value for the initial tokens.
e Define where the application will update the PN.
e Execute the PN.

4.5. Hierarchical modeling

The hierarchical modeling of an application using a PN
allows the system to be described in many different levels

of abstraction, thus simplifying the representation and
providing different views for the same system. This
facilitates its understanding by people with different
levels of expertise. Moreover, the possibility of represent-
ing some model parts (an interaction technique, for
example) as a unitary module can also be a useful way
to simplify the model.

As an example, we can have a situation in which it is
interesting to group, in a single transition, the entire
selection process. Thus, the transitions Indication Subtask,
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Fig. 15. PN model with the candidate nodes for grouping.

Indication Feedback Subtask, Confirmation Subtask, and
Confirmation Feedback Subtask, and the places Indication
State, Confirmation State, and Attachment State can be
grouped in a single element. The transitions and places
hatched in Fig. 15 show the nodes to be grouped. Fig. 16
depicts the new model with a hierarchical PN. In this case
the model interpretation remains almost the same,
because the Selection Task transition receives the tokens
from the Selection state and passes the Selected Object
token to the Manipulation state.

In order to represent the group of transitions and
places, a new entity called page (or subnet) needs to be
defined. In our methodology these entities can be
instantiated from the special classes PlacePage and
TransitionPage. The former abstracts a network that starts

and ends with a place, while the latter encapsulates a
network that starts and ends with a transition.

For this example we used a TransitionPage to represent
the Selection Task. Afterwards, in a new code generation
process (updating), this object was added to the PN as
was done with other objects. The connections between
places and transitions and the definitions of tokens
remained the same. However, PlacePage and Transition-
Page classes have two methods to reveal the page
connectors and establish the communication between
the PN hierarchies. The first of them, exposeln, reveals the
values stored in input page connectors to the inner page
elements, whereas the second, exposeOut, reveals to the
outer page elements the values stored in output page
connectors.



150 R. Rieder et al. / Journal of Visual Languages and Computing 21 (2010) 136-156

Selection
Task

Application
-
SN -

€

| Fm_——
% Selection State

Applu,‘mon f ?3
/\ % R Positioning

Repositioning
5 ) i Mampulatmn State Subtask Subtask
Device @
Appl’iiulion
- ~_ Detachment Detachment
b e, Subtask Feedback
1 ;
,\ ﬁé T % @ @ Subtask
e 4

y Sp——

Device Release State

Detachment State

LEGEND:

h list of objects
@ user’s pointer

w pressed button

no selected object

@' attached object

% released button x(v(z

© selected object

3D position

Fig. 16. The PN with Selection task, abstracting the model represented in Fig. 15.

5. Case studies

In order to validate our methodology with tasks and
techniques applied in realistic settings, we present two
case studies that illustrate our approach. In the first case,
we apply our methodology to model cooperative tasks,
and in the second to model an interaction technique used
for selecting objects in sparse or dense environments.

5.1. Collaborative interaction

The work by Pinho et al. [24] presents the concept of
“collaborative metaphor” for simultaneous interaction in
VEs. This metaphor is composed by a set of rules that
define how to combine each step of the interaction
process, allowing interaction techniques normally used
in individual interaction to be combined in order to
compose a collaborative technique. The reason for choos-
ing collaborative interaction as a case study is that the
concept of collaborative metaphor requires the represen-
tation of parallel activities, being a good opportunity to
illustrate the advantages of PN modeling.

The combination of the steps of interaction techniques
is obtained by distributing the degrees of freedom to

control the objects among the users. This way during the
manipulation step, for instance, a user may control the
positioning of an object in the X-Y plane, while another
user may control its orientation in the Y-axis.

We adapted the model of the virtual living room
application previously presented in order to support
collaborative manipulation tasks. Fig. 17 presents the
new model, including two new tokens responsible for the
objects’ translation and rotation tasks.

Figs. 18-20 present three interaction states during a
collaborative interaction between two users. For these
examples, we considered the arc label definitions pre-
sented in Fig. 17. Each user interacting in the application
has his/her own tokens, since the PN represents the
behavior of the system as a whole. In that image, tokens
representing each user have a specific border color (blue
or red), while the shared token representing the object has
a different border color (magenta). In this example, the
blue user is responsible for the object’s translation in the
3D space, while the red user is responsible for the rotation
of the same object.

In Fig. 18, place Manipulation State receives the shared
object, the tasks that each user may execute, and updated
information about the devices and the application. The
existence of the tokens enables the net flow to be monitored,
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determining the beginning of the positioning and orientation to continue or not with the object manipulation
tasks that will be executed in parallel (Fig. 19). (pressed button) are forwarded directly to places Translate

Places Position State and Orientation State illustrate State and Rotate State, as a means to wait for the
the distribution of these activities between the users. conclusion of the translation and rotation tasks. Fig. 20

Note that the tokens responsible for the user’s decision presents the situation in which the concurrent activities
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are concluded, enabling the continuation of the interac- enables different interaction techniques to be specified for
tion process. the execution of each step of the interaction process.
Still considering the arc labels of Fig. 17, it can As a second case study, we chose to use the proposed
be seen that the net also provides support for the methodology to represent an interaction technique for a
representation of individual interaction. Fig. 21 depicts specific task. The 3D Bubble Cursor [29] interaction
interactions of two users with different objects, in technique was selected. It is a selection tool that uses the
different steps of the interaction process (selection and hand extension metaphor, enabling the selection of objects
attachment). Fig. 22 shows two interactions in the same in dense or sparse environments. This technique uses a
step (release) for different objects. cursor in the form of a semi-transparent bubble capable of
capturing the target object within the cursor’s volume.
5.2. 3D bubble cursor This cursor’s volume is dynamically resized to the
dimensions of the target closest to its center (indicated
As already mentioned, the subdivision of an interaction by a cross). While the target object is not completely
process allows for the detailing of the PN in different surrounded by the bubble, a semi-transparent spherical

abstraction levels. A deeper level of detail, for example, cover is drawn around the pointed object. As visual
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Fig. 23. 3D Bubble Cursor technique expressed in our PN methodology. From this point, it is possible to generate the skeleton code to implement this

interaction technique.

feedback, when the object is captured, it is highlighted in
yellow and a solid opaque border is applied to it,
improving its visualization in the environment. However,
the use of a volumetric cursor might cause the un-
desired selection of multiple objects, since they can be
close to one another or occluded. To solve the first
problem, the authors suggest that objects adjacent
to the target become semi-transparent, facilitating
the visualization. In the case of occluded objects, the red

color is used together with transparency for visual
enhancement.

Considering these characteristics, we modeled the 3D
Bubble Cursor technique as an expansion of the tasks and
states responsible for the selection process presented in
the virtual room example (Selection State, Indication
Subtask, Indication State, Indication Feedback Subtask,
and Attachment State). Fig. 23 presents the details of
this specification, which can be used for automatic
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code generation using the definitions proposed by
our methodology. Fig. 24 shows the hierarchical
representation of the 3D Bubble Cursor technique
represented by a place page.

6. Discussion

Even though we have derived the implementation
using a particular VR toolkit as described in Section 4
(Applying the Methodology), there is no dependency
between this toolkit and the methodology steps, thereby
allowing the use of any other toolkit.

Similarly, there is no restriction on the use of another
programming language as default for the code generation
process. Our approach has adopted the C/C+ language
because the majority of VR applications is developed in
this language or uses resources from graphics/scene
libraries written in it. However, if the designer needs to
export PN models (stored in XML files) to another
language, such as Java, he must create an XSLT file
containing rules to convert the PN elements into Java
classes.

With regard to the first case study, compared with the
standard approach, our methodology approximates the
application modeling to the user’s point of view, allowing
effective communication between designers, developers
and end-users during the entire development cycle. The
representation of the PN interaction process also facil-
itates the identification of the parts of the system that

could be parallel or support similar situations, such as
individual and cooperative interaction. This can result in
simplification of the system and reduction of design time
and development time.

Concerning the second case study, our methodology
supports the interaction technique representation at
different levels of abstraction, in design time, allowing
basic elements to be used in new projects. The PN
decomposition technique, combined with the code gen-
eration process, allows for the interaction technique
features to be elucidated to the developers, who can
dedicate their time and attention to improve them and
optimize their codes. Moreover, the use of levels of
abstraction in projects can also hide technical features
from end-users, facilitating the understanding of the
interaction technique during their interaction in VEs.

On the other hand, our methodology requires de-
signers to know the basic PN concepts and rules in order
to draw and revise their models, since Dia has no native
support to PN projects. Depending on the system’s
complexity, or the development team’s knowledge level,
a training step may be required to prepare the profes-
sionals to design and review the PN model.

This methodology also considers that the software
development process takes a top-down approach. The
adoption of this strategy facilitates both the use of PNs
and the application of our methodology during the
interaction technique decomposition, since the top-down
approach aims to break down a system to gain insight into
compositional sub-systems.
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7. Future work

Since the control of the PN simulation stages is
autonomous, it would be interesting to show the applica-
tion running process in a graphical animation super-
imposed over the PN graph itself, parallel with the
application usage. Currently we only generate a textual
output during the application’s execution. Our intention is
to use the XML specification file as input to a PN
simulator, parsing the PNML language. By doing this,
we intend to present another method to analyze
and visualize the behavior pattern of each stage of
the interaction process, mainly to solve problems in
complex VEs.

However, this graphical animation is only possible if
there is a mechanism able to verify the correctness of the
PN model. The use of this resource would allow perform-
ing PN validation before the automatic code generation
and the PNML specification, providing consistency and
completeness to the created model.

We are analyzing ways to verify the correctness
during the model export process, since Dia is a general
graphical editor and does not let the structural analysis
take place in design time. This approach could allow for
error detection within the editor, avoiding redraws and
recoding during run-time and simulation-time stages.
As a result, an accurate model could be generated,
allowing the specific tools to verify the PN properties,
through formal techniques to certify the absence of
undesired system behaviors, such as deadlocks. Next, it
would be necessary an evaluation session to validate
these models, using one of the PN tools to analyze
formally the system.

Another interesting idea would be to incorporate our
methodology to a VR framework, presenting a complete
development platform. Resources for analysis, project,
development and evaluation of VE prototypes could be
integrated in a single tool, allowing for the detection of
faults in project time. With this in mind frameworks, such
as VR Juggler,'> MORGAN,' and DIVERSE,'> are being
analyzed, as they already use an extensive set of software
modules that abstract devices, avatars and VEs. Our
methodology could be adapted to function as one
interaction framework integrated to existing resources,
becoming an important feature of these tools.

In particular, it would also be important to extend
the evaluation of the use of our approach to different
VR projects. Designers and developers could con-
tribute with their experience, through the validation of
models and skeleton codes, and the identification of
situations in which our method offers advantages or
difficulties to use. This way, our approach could be
improved and adapted to support varying requirements
of VR applications.

13 VR Juggler is available at http://www.vrjuggler.org.

14 MORGAN is available at http://www.fit.fraunhofer.de/products/
morgan_en.html.

15 DIVERSE is available at http://diverse-vr.org.

8. Conclusions

This work has presented a methodology to specify
interaction tasks for VR applications using the Petri Net
formalism as a base for the software design.

Furthermore, our methodology aims to facilitate the
application development from the conception and design
phases to the implementation, test and documentation
processes. The option of code generation from the
graphical model helps the communication between
designers and developers, avoiding the breaking of
paradigms, and speeding up the development process.
Moreover, an application built with our methodology can
offer optimized functions, allowing users to complete
their interaction tasks in an intuitive way.
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