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Abstract

This paper presents current research being under-
taken at Sandia National Laboratories to develop a
distributed, shared virtual reality simulation system.
The architecture of the system is presented within the
framework of an initial application: sttuational train-
ing of inspectors and escorts under programs to verify
compliance with nuclear non-proliferation treaties.

1 Introduction

A primary goal of the research being carried out by
our group is the development of a virtual reality (VR)
platform to support generic applications in situational
training. In situational training, a student is taught
to handle a variety of different situations, or scenarios.
These scenarios may vary from routine events that the
student will encounter constantly, to emergency situa-
tions that may arise only rarely in the actual job. To-
ward this end, we are currently carrying out research
in several areas of multi-participant, distributed vir-
tual reality and intelligent simulation. Our main em-
phasis is on applications that require “close quarters”
situational training. Close quarters situations involve
personnel and action at the individual or team level.
Participant’s perceive and interact with each other as
people, rather than as machines, such as aircraft, or
logical groupings, such as battalions. Therefore, it is
critical that participants be visible to one another as
complete human figures. Also important is the gran-
ularity of their movements. For example, participants
might need not only to see one another, but also to
determine what is being done with arms, hands, or
heads. Therefore a VR platform for situational train-
ing must provide fully articulated graphical represen-
tations of each participant. It must also allow interac-
tions with both the simulation and with other partici-
pants which are of a finer detail and greater complexity
than do current simulations. SIMNET, for example,
allows only gross actions such as maneuvering a vehi-
cle through the environment or pointing and firing a
weapon.

The remainder of this paper presents our prelimi-
nary system architecture and implementation using a
current project in non-proliferation training as an ex-
ample application. In this application, an instructor
and a trainee share a common virtual environment.
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The system automatically monitors participant’s ac-
tions and reports when a security infraction, which
should have been prevented by the trainee, has oc-
curred. The system allows participants to manipulate
objects in the environment, with actions such as grasp-
ing, lifting, placing, and dropping. Object behaviors,
such as falling, are then invoked.

Related work includes SIMNET (8] and NPSNET
[10], both of which are distributed, heterogeneous sim-
ulation systems for large-scale battlefield training; the
extensive body of work related to the development and
use of vehicle simulators, especially flight simulators
[7], and NASA’s work in using VR for training astro-
nauts to handle repair of the Hubble space telescope

(5].
2 Application Description

Nuclear non-proliferation treaties often provide for
facility inspection to allow verification of compliance.
For each participating nation, this requires two types
of personnel, facility inspectors and personnel to es-
cort these inspectors. U. S. inspectors must be trained
to inspect foreign facilities to determine whether the
hosting nation is complying with the terms of the
treaty. Foreign inspectors do the same for U. S. fa-
cilities subject to such treaties. The time which an
inspector is allowed within any foreign facility is lim-
ited and, therefore, training the inspector to become
familiar with the facility ahead of time would make
him or her more effective. The responsibilities of the
escort are twofold. U. S. escorts of foreign inspec-
tors (inspecting U. S. sites) must be familiar with the
facilities in order to comply with treaty regulations
concerning the foreign inspector’s right of access. In
addition, they must prevent any attempts at espionage
by the foreign inspector as the inspection proceeds.

We are exploring virtual reality as a training tool
for both inspectors and escorts. To address the prob-
lem of limited access to foreign sites, virtual models
of foreign facilities can be created to allow an inspec-
tor to become familiar with the site before the actual
inspection. Availability of information concerning for-
eign sites is the primary limiting factor.

Access to U. S. sites by escort/trainees is also lim-
ited for many reasons. These facilities are geographi-
cally scattered, they are secure facilities, and they are



often hazardous environments, due to the operations
carried out within them. Virtual models of these U. S.
sites can be used to familiarize the escort with a facil-
ity before the arrival of an inspector. This is especially
important given the fact that short notification of an
upcoming inspection is possible.

Both of the above applications rely heavily on the
use of virtual environments for architectural walk-
through — allowing a participant to visualize a facility
without being physically present in that facility. The
training of escorts, however, provides an additional
problem domain for the application of VR. The es-
corts must not only be familiar with the facility, but
they must also be trained to detect and prevent se-
curity infractions by the foreign inspector. It is this
component of the training system on which we are now
concentrating.

The escort training system is being developed con-
currently with the generic VR platform for situational
training applications. This application provides a test
example during the implementation and verification
of various platform components and provides a set of
“real world” guidelines as to what features might or
might not be useful in such a platform. Below, we de-
scribe the components of the platform in more detail.

3 The VR Platform for Situational
Training
3.1 Geometric Modeling

The virtual environment (VE) used for the escort
training work is a model of the hot cell laboratory,
which is part of Sandia National Laboratories’ Reac-
tor Engineering Center. The facility consists of two
laboratories, one containing glove bozes and the other
containing shielded hot cells. Glove boxes and hot
cells allow experimenters to handle radioactive mate-
rials safely. Figure 1 shows the hot cell VE. This envi-
ronment was created in three stages. First, the basic
architecture was modeled from facility blueprints us-
ing Alias Designer™. A visit to the facility was then
conducted and a video was made providing compre-
hensive coverage of the areas being modeled. In stage
two, this video was used to model and place other
structural details, such as overhead piping, as well as
furnishings, such as instrument racks, lab tables, etc.
In stage three, the same video was used to create tex-
ture maps for walls, floors, signs, instrument dials, and
so on. These textures were taken from the digitized
video, manually processed using a paint program, and
then applied to the hot cell model. Other objects re-
lating to the application were also modeled and placed
in the virtual environment, including books, cups, and
other everyday objects found in labs, as well as shrouds
which cover classified items, and unclassified represen-
tations of such items.

Modeling of the environment is an independent
component of the system. As each virtual environ-
ment is built, its model components are added to a
reusable object library. This allows us to reuse ob-
jects and object components in building other VEs.
Architectural items which can be reused are stored
in a separate architectural library. The VR platform
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can import geometric models in several different “stan-
dard” file formats, such as DXF. A more comprehen-
sive internal format is used that includes texturing
and other surface properties, as well as more complex
model definitions.

3.2 VR Hardware

A participant may interact with the virtual envi-
ronment in one of two modes. Active participants
are entities present in and known to the simulation.
They have an associated avatar, or graphical body,
whose movements are slaved to their own. Active par-
ticipants interact with the simulation and may cause
changes in the state of the virtual world by carry-
ing out actions such as handling objects. Currently,
VR gear for active participants consists of a Virtual
Research EyeGen3TM headmounted display for im-

mersive viewing, four Polhemus FASTRAK™ mag-
netic trackers for position and posture tracking, and
hand-mounted switches for indicating locomotion and
the state of the hand (opened or closed.) In the es-
cort training application, there are two active partici-
pants: the escort/trainee and the inspector/adversary.
Transparent participants may view and move through
the virtual environment, but they are not visible to
the simulation or active participants. A transparent
participant might be a visitor watching the training
session, or an instructor controlling the scenario from
“behind the scenes.” We currently provide transpar-
ent participants with an immersive viewing capabil-

ity via the Fakespace BOOM3C™ which is a full-
color, stereo viewer with mechanical tracking of the
head and buttons to control motion through the vir-
tual environment. A flatscreen monitor and mouse
may also be used by the transparent participant. Fig-
ure 2 shows two active participants suited up in the
VR gear. The platform also provides audio, in the
form of simulation-related sounds and vocal feedback

of simulation status, using the sound capabilities of

the Silicon Graphics, Inc. (SGI) Indigo™. We
refer to the system component which updates and
renders a participant’s view, including independent
changes in world objects and other participants, as
the VR Station. We currently use SGI platforms with

RealityEngine™™ graphics to drive our VR Stations.
This allows us to utilize texture mapping to increase
the realism of our virtual environments.
3.3 Representing Participants Within the
Virtual Environment

We call the graphical representation of an active
participant his or her avatar. Avatars are modeled
and controlled using a version of the Jack\Psoftware
developed by the University of Pennsylvania [2]. The
JackGsoftware is a constraint-based graphical human
figure controller originally developed for ergonomic
analysis. It provides a complete and highly articulated
graphical human model. The human figure software
used for this work is a version of the JackOsoftware
that separates the underlying human simulation and
modeling component from the general-purpose display
and control. This separation allows us to import the
human figure model into our software environment



Figure 1: Hot cell lab virtual environment.
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Figure 2: VR gear for active participants.
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and to drive this figure using the JackOcontroller as a
server, residing on a separate processor. The posture
and position of an avatar is controlled using the input
from four Polhemus trackers mounted on the partici-
pant’s head, each hand, and lower back. As a partici-
pant moves, changes in position are measured by the
trackers. The JackODserver then generates the trans-
forms for the avatar’s new posture [1]. Figure 3 shows
an avatar within the hot cell virtual environment. The
escort training task requires two Jack'Jservers, one for
the escort/trainee and one for the inspector/adversary.

3.4 Object Behaviors and Simulation In-
telligence

Simulation and system intelligence within the
generic VR platform may be distributed across any
number of heterogeneous processes. The most im-
portant of these processes is the world engine. At
a minimum, the world engine is responsible for con-
sistency and coordination of object interactions, for
updating the state of the virtual world at each sim-
ulation time-step and communicating these changes
to other processes, and for coordinating execution of
other simulation components. The architecture of the
generic VR platferm allows the world engine to be any
software module capable of carrying out the indicated
tasks. We are currently implementing a world engine

using the BE Software Co.’s Behavior Engine™ (BE)
software [4]. The BE is an extended, object-oriented
software platform that allows behaviors to be defined,
stored, and instantiated in the same way as objects
in languages such as C++. Our intention is to build
a library of reusable behaviors within the BE which
may be applied to any application domain. These be-
haviors include, for example, grasped (the behavior of
an object when held by a manipulator) and falling
(the behavior of an object when not supported.) In
addition, the BE is used to create application-specific
behaviors. One example, in the escort training ap-
plication, is the security violation behavior, which is
attached to all classified objects. This behavior logs
illegal contact with the object for end-of-session per-
formance review, and vocally informs the participants
of the infraction. In our current implementation, the
BE-based world engine is also responsible for collision
detection and interpretation of some incoming sensor
data.

The world engine drives the actions and events
within the virtual world. The intelligence required
to reason about these actions and events and to in-
voke the proper responses may reside wholly within
the world engine, or it may be distributed among
any number of other modules, with the world engine
serving as command and control. Within the escort
training system, we have chosen to add an additional
reasoning module to the system. This reasoner is
written in CLIPS (C Language Integrated Production
System), a rule-based expert system shell [3]. When
events, such as collisions between objects, cause the
state of the virtual world to change, the world engine
updates its state information and communicates the
new states to the reasoner. The reasoner uses this new
information to determine the consequences of these
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events and communicates the resultant state changes
back to the world engine, along with requests for ex-
ecution of any associated behaviors. The world en-
gine updates its own states, carries out the requested
behaviors, and communicates the results to all other
simulation modules.

Take, for example, the action of a participant grasp-
ing an object: the world engine reports to the reasoner
that the hand is in contact with the object and that
the hand is closed. The reasoner checks for conditions
such as the object being liftable and not being held
by another participant, etc. It then determines the
new state of the hand and object and communicates
this back to the world engine along with a request
to invoke the grasp behavior (essentially affixing the
hand and object.) The world engine also determines
the new position of the object as the hand moves and
communicates this to all VR Stations.

3.5 Communication Within the Dis-

tributed System

Figure 4 shows the configuration of the training
platform. The platform components are distributed
across multiple processors and computers. Many of
these_components, such as the VR Station and the
Ja,ck@servers, may have multiple instantiations for a
particular application. For example, the escort train-
ing application has a VR Station and a JackPserver
for each of the two participants, along with the world
engine and reasoner, for a total of six processes. It may
also have one or more transparent viewer VR Stations.

Each instance of a simulation component (eg. world
engine and JackDservers) must cooperate with all
other components to “cover” its own part of the simu-
lated environment for output to the VR Station. This
is accomplished by having an indexed space defined
by the world description (currently loaded from a com-
mon file by each process at start-up.) Each simulation
component is given exclusive use of a portion of the
index space. This is done by providing, in a standard
order, a commonset of shared, unique names for trans-
forms which describe the position of an object in the
world. Ethernet multicasting of datagram packets is
used to communicate these transforms, in the shared
index order, to the VR Stations. This index scheme
allows all instances of the VR Station to display a lo-
cal view of the same virtual world. In addition, it al-
lows a process to communicate only those transforms
which have changed since its last communicated up-
date. This minimizes network traffic and processing
by any processes receiving this information.

Similarly, sensors are grouped into logical sources,
one for each active participant. Each such source has
a standard set of potential sensors, with a standard
naming order scheme, providing each source with its
own index space for multicasting. A simulation pro-
cess receives sensor input from the source or sources
providing its required data (i.e. the JackPserver con-
trolling avatarl receives data from the position track-
ers attached to participantl.)



Figure 3: Avatar in hot cell VE.

4 Summary and Future Work

This paper has presented preliminary work in de-
veloping a generic VR platform for situational training
applications. The primary goals of this work are de-
velopment of a networked VR system that will handle
close quarters situational training and the integration
of intelligence and behavior-oriented design into the
simulation process. We have illustrated the compo-
nents of this system through an example application:
a system to train escorts of foreign inspectors under
non-proliferation treaty compliance. This application
allows an instructor and a trainee to share a common
virtual environment. The system automatically moni-
tors the actions of the participants and reports when a
security infraction, which should have been prevented
by the trainee, has occurred. The system allows par-
ticipants to manipulate objects in the environment,
for example grasping, lifting, placing, and dropping a
cup or book. The proper object behaviors, such as
falling, are then invoked. This current implementa-
tion is both primitive and limited. It provides enough
utility to demonstrate the use of VR for close quarters
situational training and to show how it would be ap-
plied to a real world application, but it is by no means
complete. The number of states and objects is limited,
as is the simulation intelligence; behaviors of objects
are primitive (eg. no acceleration of a falling object
due to gravity); and the simulation cycle and event
handling are simple. Developing both the capability
of the platform and the complexity of the escort train-
ing application which utilizes it is our primary research
agenda for the future. In addition, we will be explor-
ing other applications for the platform, such as the
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training of battlefield medics on the synthetic battle-
fleld and the redesign of an earlier training system for
robot operators which uses SILMA’s CimStation™™
platform as the world engine [6]. A related goal is
the integration of a hypermedia component to allow
trainees access to relevant information, such as texts
arid videos, while using the VR platform for training
[9].
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