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Abstract

Virtual reality (VR) is a three-dimensional
dynamic environment which is generated and
simulated by computer equipment. These
environments involve real-time simulations and
interactions through multiple sensorial channels that
one can be deeply full-body immersion and
interaction through high-end user interfaces. To
generate such a system. the designer should
organize the relationships of objects hierarchy
concerning VR system  conmstruction.  The
intercommunication between program and sensory

interface. resources management., and even the
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synchronization strategy all should be taken into
consideration when constructing a VR system.
These presenting methods such as facts, rules,
propositions and so on require more adaptive
complexity demand and more flexible representation
and execution strategies. Petrt nets are graphical and
mathematical tools. Models of which providing
teatures for the analysis of behavior properties and
performance evaluation, as well as for systematic
construction of discrete-event simulators  and
controllers.  So. using Petri nets give the possibility
for formally analyzing the behaviors of mutual
exclusion of shared resources and periodic
synchronization of frame control. In this paper. we
give a guidance of Petri nets to model the mutual-
exclusive and periodic synchronization function
used in a VR system and then a set of production
rules is proposed to implement the objects” relations
which are composed a VR system. Besides. apply
the components such as reachability set to construct
Petri nets can help maintain the complex system.

Keywords: Virtual reality. Petri net, production
rules, mutual exclusion. periodic synchronization.

1. Introduction

The increased complexity in VR systems. such
as software modules. communication among objects.
feedback control, etc.. causes numbers of problems
to inflict the systemn developers. In the planning
stage. when one meets with such complexity of the
environment that is composed of special peripheral
devices and software. who must solve the problems
such as abstract object type. pregramming methods.
communication of objects. interactive modules. etc.
In order to improve the immersion property in a



virtual environment, a better design method for VR
system is necessary. Here special attention is paid
to the design and management of VR systems using
Petri nets.

Petri nets, as graphical and mathematical tools,
provide variant functions for modeling, formally
analyzing and controlling the discrete events in a
virtual environment [9]. Petri nets as graphical
tools provide a power communication medium
between a system and its user interface. Petri nets
instead of ambiguous textual description and
mathematical notation which are difficult to be
understood by the developers can be used to
~ uresent the complex interaction models.

As a mathematical tool, a Petri net can be
described by a set of linear algebraic equations, or
other mathematical models projecting the behavior
of the interaction module. This function gives a
possibility for formal communication among objects
in time intervals or events. Petri nets allow one to
perform a formal check of the properties related to
the behavior of the underlying system, e.g.,
precedence relations among events, concurrent
operations, appropriate synchronization, repetitive
activities and mutual exclusion of shared resources.
The major advantages of using Petri-net models are
that using such models to analyze behavior
properties, performance evaluation, and systematic
construction of discrete-event simulators and
controllers.

The remains of the paper is described as
follows. The Petri-net description, definition,
logical representation, models of transitions and
places, firing strategies, Boolean analysis and
reachability are given mn Section 2. Knowledge
representation including matrix representation and
production rules are discussed in Section 3.
Properties of Petri nets for virtual reality, including
activities in a virtual environment, environment
modeling, mutual exclusion, periodic synchronous
layout module in virtual reality, production rule and
grammar for parsing production rules in BNF are
explored in Section 4. Conclusions are given in
Section 5.

2. Petri-net Models

A Petri net is described as a bipartite directed
graph which is composed of three types of
components: places, transitions and directed arcs.
The directed arcs comnnect places and transitions.
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Pictorially, places are expressed as circles and
transitions are expressed as bars; one example of a
Petnt net is shown in Fig. 1. In the condensed form,
a Petrt net can be represented by a transition with a
few input and output places. A place is an input
place if it has a directed arc connecting to the
transition; a place 1s an output place if it has a
directed arc connecting from the transition.

Fig. 1.

Representation of a Petri net.

Petri nets are usually used to represent various
modeled systems. To model a VR system using
Petri nets, places are used to represent objects and
causal preconditions, such as object’s behavior or
the availability of resources, and transitions are used
to represent events or potential utilization which
lead to effects as an output place, such as the release
of the resources.

2.1 Definition of Petri nets

The formal definition of a Petri net is given as
follows.

Definition I: a Petri net is formally defined as a 6-
tuple [2-4, 12-13, 18]

Np=(P. T, 0.1, O, M),

where
l. P={p, p, .-.p,} is a finite set of places,

andn >0;

=
2. T i, 1, t )

wot,} 1s a finite set of

transitions, and m > 0;
3. O=1{49, 95 --q;} is a finite set of state
tokens, and £ >0;

4. | €S (PXT) — N is an input function set
that defines a set of directed arcs from
places to tramsitions, where V is a set of
non-negative integers, and each p; is an

input place oftj. if (p;, tj) el;



v

() S (I"XP) — N is an output function or
weight function set that defines a set of
directed arcs from transitions to places,
where V is a set of non-negative integers,
and each p, is an output place of 1, if((/., P,
€ O; and

6. M, P — N isan initial marking.

An input and an output sets are defined for a
transition. A transition which has no input place is
called a source transition; a transition which has no
output place is called a sink transition. For
representing a dynamic system and the behavior of a
modeled system, each place can potentially hold
either none or a number of tokens. The
distribution of tokens over places is called a marking
of the Petri net. A token is expressed by a small
solid dots as shown in Fig. 1. In general. Petri nets
have a dynamic life determined by the tokens inside
of a place that activate the place in which they

appear [7].

2.2 Models of transitions and places

The presence or absence of a token indicates
whether a condition associated with a place. On the
other hand. a transition may fire when every input
places of the transition contains at least one token.
A transition is accredited with having enabled [13]
when it fires: otherwise. it is disabled. A Petri net
contaiming tokens is called a marked Petri net. A
marking of a Petri net with » places is represented
by an (nx/) vector M: elements of the vector.
denoted as M(p). are non-negative integers
representing the number of tokens in the related
places [3]. Since a place represents the availability
of resources. the number of tokens in the place
represents the number of available resources in the
place [8. 16. 18], For instance of the Petri-net
model shown in Fig. 1. A/ = (1.1, 0. 0. O)T. The
transition /, is fired to result in removing tokens

tfrom its mput places and adding a token to its output
place as Fig. 2. The changing
distribution of tokens on places represents the
occurrence of events in a dynamic modeled system.
A scheme of dynamic behavior has been introduced
in [11. 18] to deal with the fire mechanism of a
transition.

shown in

Firing rule: A transition is enabled if its every input
place contains tokens and the number of tokens in
each input place is equal to or greater than the
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weight of the directed arc connecting from the
transition (i.e., the post-conditions in the output
places of the transition). An enabled transition
may remove tokens from every input place of the
transition; the number of removed tokens equal to
the weight of the directed arc connecting the
transition.

P, t,
3
P,
(a) (b)
before firing, enabled transition t,
transition ¢, is enabled is fired

Fig. 2.
net.

An example of fired transition in a Petri

On the ground of above. a state or marking in a
Petri net is changed according to the following:

1) A transition # 1s said to be enabled if each
input place p; of 1/ 1s marked with at least ()py, 1)
tokens, where ()(py, 1) is the weight of the arc
from py to 1.

2) An enabled transition not fire
depending on whether or not the event actually

may or may
occurred.

3) A firing of an enabled transition # removes ()(p,
1)) tokens from each input place p; of /.. and adds
(p. 11) tokens to each output place pp of # .
where O(py, 1) 1s the weight of the arc from / to

Pk-

The firing rule 1llustrated in Fig. 2, transition ¢,

is enabled since every input place contains tokens,
and /(p;. 1,)=3./(p> 1,) = 1. The enabled transition

1s fired to remove tokens from every input place.
and deposit a token in the output place p; and ()(/,,

r3) =1

Petri nets can be used to model concurrent
processes [7]. Functions of each subsystem are
semi-independently in the form of asynchronism.
Petri nets. which modeled subsystems may
send/receive tokens to/from each others. A periodic
synchronization may be exceeded among subsystems
because one of the subsystems may reach a waiting-
state for a token from another subsystem.



3. Knowledge Representation of
Petri-net Models

Knowiedge representation based on Petri nets
is production rule [2, 8, 12]. We denote the
places by C(/). C(2)..... C(K), to represent a set of
K conditions in a rule-based system. The truths
of the conditions, i.e., the tokens in place, are
designates by 7(/), 7(2)....,T7(K), which make up a
truth state 7 for the conditions. Each component of
the truth state 7 will be erther 1, denoted as
enabling, or 0, denoted as disabling.

Postulate: In a Petri net, an activated place passes
copies of its truth token along all arcs that depart
from that place. An activated transition passes
copies of its truth token along all arcs that depart
from that transition.

extgrnal
subsystem

Fig. 3. Example of simple rule-based Petri net.

RI: (p1 AND p2) = ps.

R2: p3 = ps.

R3: (p3 AND pg) = p4

R4:ps=p2

R5: ps=p;.

R6: py=> P' (place in external subsystem)

Fig. 3 shows a simple rule-based system with
the following rules:

Suppose now that the truths of p; and pg are
given, i.e., that place p; and ps are given enabling
tokens as shown in Fig. 3. Then transition /5 is
fired, as is transition f3. Thus p; becomes true.
Next, the truth of p; and p; cause transition t; to
fire so that p3; becomes true. Consequently,
transition ¢4 fires, this causes p, becomes true and

sends a truth token copy to P* in an external
subsystem.
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4. Properties of Petri Nets for VR

4.1 Mutual exclusion

To run a VR system, the first thing is to read
task-dependent user input and then accesses task-
level-dependent databases to process corresponding
world instances or frames. It is hard to predict all
participator’s actions and to store all corresponding
frames in buffers in advance; therefore, the objec-ts
in a virtual environment should be created, modified,
and deleted in real time. Human-factors studies
indicate that a 30-frames/second refresh rate is
needed to display smooth simulations (the time
between user action and virtual system feedback) [1,
5]. According to the graphical performance such
as frame rate, shading mode, and scene complexity
of a virtual environment, the distribution
computational load is required owing to the real-
time characteristic of a VR simulation.  An
approach to load a distribution is to divide tasks into
several workstations communicating over a LAN.
Network distribution has the benefit in distributed
simulation without dedicated VR  machine.
Another benefit is the feasibility of remote access
and participation. The facility makes possible multi-
user VR simulations. A problem related to such
multi-user network-distributed systems 1s model
synchronization, resource of mutual exclusion, and
concurrent activities in concert, etc.

Each participant can modify various aspects in
a virtual environment at any time. These changes
have. to be comununicated quickly to: the other
participants to ensure the synchronization and
mutual exclusion. Pimentel et al. [14] and
McCarty et al. [10] gave the opinions of shared
elements in a virtual environment. These primary
elements were remote wand location; orientation,
state, object selection state, creation/deletion of
building elements, selection of different texture
maps, and so on. We here think of a virtual
environment as a database accessible in real time.
Constraints imposed by data complexity, message
routing and mutual exclusion are inherent in each
systems.

Petri nets can be used to model properties of a
distributed VR systern such as mutual exclusion,
synchronization, behavior of inheritance, concurrent
activities, etc. In modeling VR, using the
conditions and events; places represent conditions,



and transitions represent events. A transition has a
certain number of input and output places
representing the pre-condition and post-condition of
the event, respectively. The presence of a token in
a place is interpreted as holding the truth of the
condition associated with the place [11, 13, 18]). In
another interpretation, & tokens are put in a place to
indicate that & data items or resources are available.
Some typical interpretations of transitions and their
input places and output places in a virtual reality
environment are shown in Table 1.

Table 1. Some Typical Interpretations of
Transitions and Places in VR Environment

Input places Transitions Qutput places
input signals signal processor | coordinates
input data computation output data
resource needed |task ~ resource released
preconditions  |event postconditions

conditions clause in logic conclusions

In a short-winded VR system which consists of
at least two users decorating a room in an immersive
virtual environment. Stereo images are sent to
every participant’s head-mounted displays (HMD).
Head position is tracked by a 3D trackers, while the
decorative objects are picked and scratched on a
wall using a sensing glove. The shared virtual
environment is simulated by running a duplicate
simulation on every connected machine through a
focal area network. Any change in one station
must be sent to all other stations to mantain the
consistence of the system. [n this short-winded
system, the fancy ornamented goods are mutual
exclusion.

In a networking VR system, each object has a
sole name, some of the objects "inhabit" on the local
machine and others on the remote one. Since
networking, simulations are executed asychronously,
and coordination messages. which control remote
objects, are sent during each simulation cycle. For
keeping simulation synchronized, communication
may be keep low, and each message is made as
compact as possible and is sent only when objects
changed position.

The short-winded VR system is represented by
a Petri-net model as shown in Fig. 4 and Table 2.
In this system, two remote gloves ¢, and G,

perform pick-and-affix operations to access
adormments from a pursuing division at any time
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and hang the adornments on a wall in a virtual house.
In order to avoid collision, it assumed that only one
remote glove can access the workspace at a time.
Besides, it is assumed that the pursuing division
contains a buffer with a limited space for
adornments.

In the Petri-net model, places p;, p,, p3 p; and
transitions ;, £ f3 t, simulate behavior and
activities of remote glove G, while place§ Ps Pe Pn
pg and transitions f5, {4 f; I3 simulate behavior and
activities of remote glove G,. Transitions ¢; and ¢;
indicate concurrent activities of G; and G, reading

sensor data.  Either these two transitions are fired in
parallel or not. Transitions ¢, and /5 perform
temporarily checking the concurrence of object's
coordinates and update objects with data represented
by tokens in place p,; the tokens represent the tasks
performed by gloves G, and G, outside the pursuing
division.

‘The access to the pursuing division requires
synchronization of the activities of the remowe
gloves refraining from  collision. The
synchronization is achieved by a Petri sub-net
involving places p,, p,,, p,;; and transitions #3, ¢, /5,
1. 1f 15 is enable, firing 7, brings the effect to act
places p, and p,,: that is, glove (5, performs pick-

and-affix operations accessing adormments from a
pursuing division, and this action disables /,
simultaneously. Moreover, it i1s assumptive that
the pursuing division has a limited buffer.
Consequently, if place p, is empty, transition /3 is

disabled. It means that only one glove can access
adornments from a pursuing division at a time.

Fig. 4. Petri-net model for a distributed short-
winded VR system.



Table 2.
the Petri-net Model
winded VR System

Explication of Places and Transitions in
for the Duistributed Short-

Place Explication
Py Glove (5 reads sensor data
s Glove (4 > reads sensor data
P> Glove (s 7 updates objeets with data
g Glove ¢ > updates objects with data
Py Glove G or (G 7 performs tasks outside the  pursuing
division
r; Glove Gy wats for the aceess to the pursuing division
(7 Glove G waits tor the aceess (o the pursuing division
Py Glove GG (4 2) performs prek-and-affix operations
2’ aceessing adormnents from a pursumg division
Py adorrument ts cmpty in a butler
Py adormment 1s ready to access in a butler
Py mutual exclusion of aceessing adornments {rom a
pursuing division
Transition Explication
s Glove (7 (G ») requests updating objects with data
13416) Glove Gy (G 2) requests aceessing o the pursuing
division
U Glove Gy (G 7) accesses adomments rom a pursuing
division
FEUS) Glove Gy () leaves the pursuing division

4.2 Periodic synchronization

Now, we are going to approach the projection
of a VR knowledge-control representation onto a
Petri net. We first start by identifying the places
of the Petri nets with the propositions of the VR
control knowledge by means of the function &

o P=PR
Pk Cpg)=~FPr ke N.
where PR = (P} 1s the set of propositions

representing VR control knowledge.
to the definition 1,
over set I’

According
we define the input function

LT = g0(P).
and output function over set 7’

O: T= @(P).
which associate to each transition the set of places
which constitute its input and output, respectively.

Control knowledge representation of VR for
the Petri-net formahsm 1s shown 1n Fig. 35
Immediate reachability set and reachability set for
each place py can be used for coverability analysis

and net construction,

RI: il s, isS;
THEN b is By
AND g/ is (5,
AND g is (13,

R2: [I°b) is By
THEN g3 is (53.

R8:1F g7 is Gy
OR(p27" is P23
AND (gs' 15 Gg)
AND (p)' is P)))
THEN p3' is P3.

o = PR

Si= 808 Sy
§5=> 85" is N5
837> 830 05 53
bhi/=b) is By
&= 15 Gy

[ T= gp(P) O: T= ()
=45 =>4, g1, g2
12=4hy =g
1;=1go) 15=>ip
11831 L=ipg
15218} 1s=ipy

Fig. 5. Example of the application of the Petri-net formalisin to a generic K.B.

For modeling VR activities, places described
in Section 3 can be functionally classified into
several categories as follows:

1) Resource places are used to model the activity
in VR system such as robots. machines. and
carrier. The kinds of these places offered
depend on the application categories of VR. If
a resource is marked. the corresponding
resource is available.

2) Operation places are employed to indicate the
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status of resource us..te. A marked operation
place indicates that a specific operation s
being performed. These places are often
associated with certain units of operation time.

Induction places indicate the signals obtained
from sens-rs that are sent to or are received
from the other submodels to express some
close-ui-hand events.  The source of the
signals may be yielded from glove, trackers.
3D mouse. or some other feedback equipment.



4) Intermediate places are used to model the
process flow of each action. If- an
intermediate place is marked, it represents that
the last action is accomplished and is ready for
the next action.

Now, we want to construct the Periodic
Synchronous Layout Module for VR execution
environment as described in Fig. 5. For clarity,
the notations of places used in Fig. 6 are explained
as follows:

1) bk, k€N, represents the ensemble, ie. the
unitary object, at a workstation. A token in
the place bk means the integral movement of
bk is enabled.

2) sk, k€N, represents the sensors at a
workstation. If the place sk is marked, it
means a trigger event is occurred.

3) gk, kEN,
graphical objects.
means graphical objects,
perforin some activity.

represents the performance of
If the place gk is marked, it
gk, are ready to

4) pk. k€N, represents the content of tasks. If
the place pk is marked, it means the task, pk,
has been accomplished.

5) rkl, k, [€N, with an arc connecting region & and
region / in the layout directed graph, represents
the path from region # to region /. If there is
a token in the place rk/ means that an safe
movement wants to move region & to region /.

6) cp represents the status of completing the
movement along a segment path or
accomplishing a task.

We construct the Periodic Synchronous
Layout Module for VR system as shown in Fig. 6.
It 1s remarkable that Periodic Synchronous Layout
Module has already embedded a control rule into it
so that any collision will be never occurred.-

Grammar to translate Fig. 6 is shown in
Table 3.
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Fig. 6. Periodic Synchronous Layout Module.

Table 3. The Grammar for the VR Production
Rules Expressed in BNF

VR control knowledge base .=
control rule " VR control knowledge base
control rule :="R’  rule no " ‘IF antecedent
‘THEN consequent .’
rule no :=digit digit  rule no
antecedent ::= proposition proposition
‘AND’ antecedent
consequent ;= proposition proposirioﬁ
‘AND’ consequent
proposition ::= proposition_clause |
proposition_clause ‘OR’ antecedent
proposition _clause .= attribute predicate value
attribute = strings | strings  atribute
predicate :="is’
value ::= strings ' strings value
digit =0 .9
strings = (any string, up to 30 characters,
surrounded by blanks)




5. Conclusions

In this paper, we proposed a generalized Petni-
net model for modeling and controlling discrete
events in a virtual environment. Petri nets are
shown to have advantages to model a system which
has the property of mutual exclusion and periodic
synchronization. A transition is triggered only if
the vaiues in its input places/tokens match the
conditions of a number of associated rules.

The need for real time operation in VR
applications can be a drawback due to the large
nuraber of complex activities in a VR environment.
This requires more structural complexity demand
and more flexible representation and execution
strategies. We have used the Petri-net formalism
in order to obtain a formal structure that permits the
definition of VR activities to help carry out
inferences in complex situations. This process is
based on a Petri-net approach to compose inference
rules.

An unportant issue related to this study is the
choice of Petri sub-net and rules for transitions. A
planning for planning problem may be important to
ensure the property of reversibility of the mutual
sub-net during execution. The coordination and
scheduling for processing VR activities should be
incorporated into plans.
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