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Foreword 
"Timothy Leary Wasn't Invited" 

It seemed to me that "we" and "they" had both shown up for the first VRAIS conference, VRAIS '93, 
in Seattle. "We" were the "techies," the scientists and engineers who are exploring and developing virtual 
environments technology. 'They" were the off-the-wall fringe element that VR seems to attract. "Our" manifesto 
is that VR is an important new human-computer interface technology with broad potential for educating and 
training people; helping designers design, even helping to protect people's lives. It is a fascinating area of 
scientific investigation, one that is inherently multidisciplinary. 

"Their" fundamental belief seems to be that the key applications of VR are enhancing cosmic 
consciousness, replacing sexuality, and substituting for psychotropic drugs. "We" think of people such as Ivan 
Sutherland, Fred Brooks, Henry Fuchs, and Scott Fisher as our technical leaders and inspirations. "Their" 
candidates for technical leadership in VR appear to be Timothy Leary and whoever wrote the screenplay for 
Lawnmower Man. 

On the first day of VRAIS '93, "they" sometimes dominated the questioning of speakers and panelists, 
vigorously competing with each other to see who could use the word "cyberspace" the most times in a sentence, 
and raising critically important issues such as whether or not scientists are sufficiently familiar with their own 
bodies. "Their" ranks thinned out considerably by the second day of the conference, and by the third day, the 
"Looney Tunes" were gone. There was no one left but us "techies." The carefully refereed, solidly technical 
content of VRAIS '93 had evidently driven them away in states of boredom and lack of comprehension. We 
were off to a good start. 

One month later, there was another victory for our side: Steve Bryson and Steve Feiner organized the 
Research Frontiers in Virtual Reality workshop in conjunction with IEEE Visualization '93 in San Jose, CA. 
Once again, there was a consistent emphasis on scientific content and quality. 

It was clear that, as Andy van Dam remarked at the time, VR needed an annual technical conference, 
but it didn't need two. Accordingly, the IEEE Neural Networks Council's Virtual Reality Technology 
Committee, which sponsored VRAIS '93, and the IEEE Computer Society's Technical Committee on Computer 
Graphics, which sponsored Frontiers, agreed to combine their efforts and produce a single, annual, VR 
conference. VRAIS '95 is the first VR conference co-sponsored by these two organizations. We skipped 1994 
because we wanted to move the conference date to minimize potential conflicts with other meetings on human- 
computer interface topics. This change of conference dates apparently caused some confusion among attendees 
of the earlier meetings, which I regret and apologize for. Henceforth, I think you can plan on VRAIS meetings 
always being held around the "Ides of March." 

I want to thank two sponsoring organizations, and especially their leaders, Larry Rosenblum of the 
TCCG and Pat Simpson of the Neural Networks Council, for their farsightedness and flexibility in agreeing to 
the merge, and their generous financial and moral support over the past year. A special note of thanks is also due 
to the Office of Naval Research and ONR scientific officer Marc Lipman, for granting substantial financial 
support toward the preparation and printing of this proceedings. 

I asked Steve and Steve to be co-program chairs for VRAIS '95 because I was so impressed with the 
technical strength and quality of the program they put together for Frontiers'93.1 consider this proceedings to be 
indisputable evidence that they have lived up to my expectations. They, and the program committee they 
organized, did an exemplary job of reviewing the submitted papers and selecting the best for the conference. 
Their work has further established VRAIS as the place for scientists and engineers working in virtual 
environments R&D to come to present, evaluate, and discuss the most important new technical ideas and 
approaches in the field. We are well on our way. 

I also want to thank Judi Qualy-White, my indispensable Finance Chair for VRAIS '95; Bob Marks, the 
Organizations Chair; Brenda Thein, the Publications Chair who oversaw the production of these proceedings; 
Mary Lou Padgett, our tireless Publicity Chair; Jannick Rolland, the Local Arrangements Chair who conceived 
and organized the UNC and RTI lab tours; Blake Hannaford, who put together the video proceedings; Beth 
Wenzel, the Tutorials Chair; Karen Haines, the Exhibits Chair; Toshio Fukuda and Mel Slater, the international 
liaisons; and Nadine Miner, who assisted with press relations and many other tasks. You have been a great group 
to work with. 

I hope that the conference attendees find this proceedings, and VRAIS '95 itself, to be both 
professionally beneficial and personally enjoyable. Welcome to VRAIS '95! 

David Mizell 
General Chair 
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Message from the Program Co-Chairs 

What a difference a year-and-a-half makes! It seems like only yesterday that we were participating in 
VRAIS'93, and a month later running the 1993 IEEE Symposium on Research Frontiers in Virtual Reality. These 
events symbolized the "coming of age" of virtual reality as an academic research discipline. As in all coming-of- 
age rituals, there was difficulty, uncertainty, excitement, and anticipation as to who we were and where we 
wanted to go. VRAIS '95 is different, firmly establishing an annual conference where state-of-the-art, high- 

quality research results in virtual reality are reported. 
While VRAIS has matured, we feel that virtual reality as a field still has a long way to go, which, of 

course, continues to keep it exciting. In the foreword to the 1993 IEEE Symposium on Research Frontiers in 

Virtual Reality, we wrote: 

While virtual reality's vision of immersive, interactive three-dimensional environments is 
compelling and has attracted many adherents, few applications have left the research 
laboratory. There are several reasons for this. Virtual reality is difficult, requiring 
interdisciplinary techniques and exceptional technological performance. Beyond the obvious 
problems with our current technology, there are many unanswered questions about how to 
build useful, effective virtual reality systems and applications. 

We feel that this situation has remained substantially unchanged and there is still a great deal more to 
be done. We are heartened, however, by the recent announcements of low-end 3D rendering, display, and 
tracking devices, which will make the technology accessible to many more researchers and users. This year, the 
conference program concentrates on several key research areas including human factors, haptic interfaces, and 
distributed environments, reflecting the broad range of activities in our interdisciplinary field. 

The VRAIS '95 program begins with invited speaker Henry Fuchs of the University of North Carolina, 
Chapel Hill, who will discuss "Research Challenges in Virtual Environments: The Race Between Achievements 
and Expectations." We then launch into a pair of sessions on human factors, perception, and the concept of 
presence, highlighting the importance of studying how people experience the virtual worlds that we are building. 
The first of these sessions is on human factors in general. After lunch, we examine perception and presence, 
covering the ways in which users adapt to the visual and auditory displays found in today's virtual reality 
systems. We end the first day with a session on calibration and registration for displays and trackers that 
addresses technical solutions to some of the problems of distortion and misalignment between the real and 

virtual worlds caused by current hardware. 
We start the second day of the program with an invited talk by Bowen Loftin of the University of 

Houston and NASA Johnson Space Center on "The Use of Virtual Environments for Training the Hubble Space 
Telescope Flight Team." Next, we examine haptic interfaces, first in a technical session with papers describing 
various systems and techniques for force feedback, followed after lunch by a panel that surveys issues in haptic 
displays. We end the day with a session on techniques for creating virtual worlds, including the use of computer 
vision, animation of virtual humans, and collision detection. 

Our third day begins with a session on tools for virtual reality, including novel approaches to designing 
displays, trackers, and software simulators. The rest of the day is devoted to an in-depth treatment of distributed 
virtual worlds. The last morning session examines distributed infrastructure, presenting the approaches 
implemented by three different research groups. After lunch, we hear about applications of distributed virtual 
reality for collaborative work, training, and concurrent engineering. VRAIS '95 concludes with a panel 

discussion on networked virtual environments. 
This high-quality program would not be possible without the contributions of our program committee 

and additional reviewers, who have our deepest thanks. We are grateful for the guidance and support provided by 
Larry Rosenblum and Andy van Dam. We thank Regina Sipple of IEEE Computer Society Press for producing 
these proceedings, and Carol Nichols of Meeting Management for logistical support. We would also like to thank 
the rest of the conference committee — especially our general chair, David Mizell — for the exceptional effort 
they have put into making VRAIS '95 a success. We hope that you find this program stimulating and enjoyable, 
and we look forward to seeing you at future VRAIS conferences. 

Steve Bryson Steve Feiner 
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ABSTRACT 

We describe a network software architecture for solving the 
problem of scaling very large distributed simulations. The 
fundamental idea is to logically partition virtual 
environments by associating spatial, temporal, and 
functionally related entity classes with network multicast 
groups. We exploit the actual characteristics of the real- 
world large- scale environments that are simulated by 
focusing or restricting an entity's processing and network 
resources to its area of interest via a local Area of Interest 
Manager (AOIM). Finally, we present an example of how 
we would implement this concept for ground vehicles. We 
have begun design and construction of the AOIM for use 
with the NPSNET 3D vehicle simulator. NPSNET is 
currently the only Distributed Interactive Simulation (DIS) 
protocol compliant simulator using IP Multicast 
communications and is suitable for operation over the 
Internet. 

KEYWORDS: Virtual Reality, Distributed Interactive 
Simulation, Internet Protocol Multicast, Distributed 
Interactive Entertainment, Large-scale Virtual 
Environments. 

INTRODUCTION 

This paper outlines the problems and a proposed solution to 
the design and construction of large-scale distributed 
simulations. In particular this paper addresses the 
networking software architecture for large-scale virtual 
environments (VEs). We suggest a method that exploits the 
spatial, functional, and temporal relationships of real-world 
entities for partitioning VEs by associating network 
multicast groups with entity areas of interest. 

The motivation for our effort is to expand the capability of 
virtual environments to serve large numbers (more than 
1,000) of simultaneous users. Interest by the government, 
academic researchers, military, and telecommunications 
industry in large distributed virtual environments has been 
rapidly growing. In particular, distributed interactive 

entertainment applications such as multiplayer games, 
whether in-home or location-based, will require scalable 
network architectures in order to provide both rich 
environments and profitable returns. 

Advances in computer architectures and graphics, as well as 
standards such as the IEEE 1278 Distributed Interactive 
Simulation (DIS) and BBN SIMNET protocols have made 
small scale (less than 300 players) realistic man-in-the-loop 
simulations possible [5,6,11]. These standards have been 
used by the military for several years. Unfortunately, 
SIMNET, which was developed for small unit training, and 
its descendant, DIS, are currently not suitable for large-scale 
multiplayer VEs. 

PRACTICAL PROBLEMS WITH THE DIS PROTOCOL 

We list several major problems associated with scaling the 
current suite of DIS protocols in order to illustrate the 
difficulties of building large-scale VEs: 

Enormous bandwidth and computational requirements 
for large-scale simulation. In schemes such as SIMNET 
and DIS, a simulation with 100,000 players would require 
375 Mbit per second (Mbps) of network bandwidth to each 
computer participating in the simulation, an unrealistic 
requirement for an affordable system in this decade[7]. 
Maintaining the state of all other entities, particularly with 
dead-reckoning algorithms (which use second-order 
kinematics equations), will be a major bottleneck for large- 
scale simulation. Recent experiences with the U.S. Army's 
Simulated Theater of War (STOW) have shown this to be 
the case. 

Faster computers and networks will not necessarily satisfy 
these needs. First, faster networks require faster processors 
merely to copy packets from the network into user space 
even before the application touches the protocol data unit 
(PDU). Second, the creeping demand for more realism (i.e. 
collision detection and constraint satisfaction) will introduce 
a rapid rise in computational and space complexity with 

0-8186-7084-3/95 $04.00 © 1995 IEEE 



even modest size VEs [21]. 

We conjecture that 1000 entities are the limit to which a 
single host can realistically manage despite future advances 
in computer and graphics architectures. 

Multiplexing of different media at the application layer. 
The current DIS protocol requires the application to 
multiplex and demultiplex different types of real-time data 
(e.g. simulation packets, audio, and video) at the application 
layer rather than at the network or transport layers. 
Therefore, the virtual environment must treat continuous 
video streams identically to bursty simulation traffic, i.e. 
allocation of buffers and timing at the application layer[20]. 

Lack of an efficient method of handling static objects. 
Large numbers of static entities such as bridges and 
buildings may change with respect to an event (e.g. an 
explosion). These and other stationary objects must send 
update messages at regular intervals to inform the 
participants of their current state. For example, a tank that 
has been destroyed must constantly inform the world that it 
is dead to inform new entrants or other entities that may 
have missed the original state change message. 

Models and world databases must be replicated at each 
simulator. No mechanism in DIS exists to distribute objects 
on demand. For large-scale simulation, this is a necessity, 
particularly when the simulators are heterogenous, 
controlled by different organizations, and little coordination 
is expected prior to an exercise. Furthermore, it is not 
feasible nor efficient for each simulator to store every model 
and database for a 100,000 entity simulation. For example, a 
human simulation (e.g. a dismounted infantryman) on land 
normally does not need to concern itself with naval vessels, 
unless some unique scenario has the human near enough to 
the ocean so that it is visible. 

REASONS FOR PROBLEMS 
Event and State message paradigm. A basic requirement 
for DIS has been that the simulation of the VE must be, as a 
whole, stateless - data is fully distributed among the 
participating hosts and entities are semi-persistent. 
Therefore, every entity must be made aware of every event 
(e.g. a missile detonation communicated by a Detonation 
Protocol Data Unit or DPDU) just on the chance it may need 
to know it. According to the protocol, an entity must, on a 
regular basis, communicate all of its state information (an 
Entity State Protocol Data Unit or ESPDU) to every 
member of the group - even though the data contained in the 
ESPDU is often redundant and unnecessary (e.g. aircraft 
markings). More importantly, these "keep alive" messages 
can comprise 70% of the traffic for large-scale simulations 
[13]. 

This paradigm as applied in DIS does not take into 
consideration that different simulated systems have different 
real-world sensing capabilities that translate into each 
entity's VE data requirements. In a large VE, it is unlikely 
that two entities representing ground vehicles separated by 
200 Km need to be aware of each other. Yet, under the 
current architecture they must inform each other of state 
changes and updates. 

The rationale for this is to avoid the reliability problems of a 
central server, to simplify communication protocols, and 
minimize latency while guaranteeing that hosts entering a 
simulation would eventually build their entity database 
through entity state and event messages. Furthermore, the 
use of broadcast ESPDU updates is part of the effort to 
maintain consistent view among the simulators within a 
particular tolerance. 

Real-time system trade-off's. Reliability (guarantees that 
data sent is received) normally is compromised for real-time 
performance in large distributed groups. This is because in 
order to be truly reliable the system requires the use of 
acknowledgment schemes such as the one used in Transport 
Control Protocol (TCP) which defeats the notion of real- 
time, particularly if a player host must establish a virtual 
connection with every other entity host to ensure that each 
received data correctly. Therefore, large-scale environments 
must rely on connectionless (and therefore unreliable) 
network protocols such as the User Datagram Protocol 
(UDP) for wide-area communications. 

The corollary is that a real-time environment should avoid 
transactions between entities since this requires reliable 
communications. Furthermore, schemes that use a central 
database do not work well in a large VE due to I/O 
contention. For example, AT&T's Imagination network 
limits the number of concurrent players in a game to four 
because they are centrally served and bandwidth is limited 
to the speed of modems (less than 28 Kbps). 

No "middleware" layer. There does not exist a DIS 
protocol component that mediates between distributed VE 
applications and the network. The current DIS paradigm 
implies the use of a bridged network because every message 
is broadcast to every entity. However, internetworking 
(routing over the network layer) is necessary for large-scale 
simulations because it provides the capability to use 
commercial services as opposed to private networks to bring 
together diverse, geographically dispersed sites; use 
different local network topologies and technologies (e.g. 
Ethernet and FDDI); and take advantage of "rich" 
topologies for partitioning bandwidth, providing robustness 
and optimization of routes for minimizing latency. 
Confining DIS to the data link layer requires the use of 



bridges which are on order of magnitude slower to 
reconfigure after a topological change than routers while the 
number of stations are limited to the tens of thousands. A 
network with routers is limited to the numbers 
accommodated by the address space [10]. 

Origins as small unit training systems for Local Area 
Networks (LANs). Many of these problems devolve from 
the fact that until recently DIS and SIMNET were used 
exclusively for small scale training simulations. In this 
mode it has been relatively easy to insure that the VE 
components have homogenous sets of models and terrain 
databases by replicating them at each host. The lack of 
middleware stems from the monolithic nature of these small 
scale environments which could be distributed using a 
single LAN. Hence, broadcast communication was 
sufficient for these limited environments. 

These origins have also influenced the current assumptions 
about the density and rates of activity of entities in large- 
scale simulations that do not necessarily match the real 
world. Players in SIMNET participated for short periods 
(several hours) and were highly active because the purpose 
of the simulation was to train crews in coordinated drills. 
Furthermore, the density of entities with respect to the 
simulated area of play was high because that best 
represented a small unit engaged in close combat and 
because of the difficulty in using large terrain data bases. 

EXPLOITING REALITY 

Increasing the number of entities by more than two orders of 
magnitude requires us to think beyond these artificial 
situations. We believe that it is incorrect to strictly 
extrapolate the SIMNET and DIS experience (or any of the 
small-scale research VEs) to large-scale VEs. Moreover, 
large VEs are likely to be domain specific in their 
requirements. We can exploit aspects of the real-world such 
as areas of interest and movement rates to efficiently use 
multicast groups, eliminate ESPDU keep-alive updates, 
enhance the reliability of large-scale VEs, and reduce 
overall bandwidth requirements. 

In the real world, which virtual environments emulate, 
entities have a limited area of interest. For example, a tank 
on a battlefield can effect and observe other entities out to a 
range of less than 10 Km. On the other hand, a person on 
foot typically has an area of interest of only several hundred 
meters. This would be the case for a dismounted 
infantryman or a human simulated for a typical role-playing 
adventure game. The entities whose areas of interest overlap 
are members of a spatial class or group in the VE. 

With respect to the military domain, group membership 
within these classes would change relatively slowly. 

Helmbold in his study on the rates of advance rates for land 
operation found that land combat operations stand still 90- 
99% of the time [16]. The world's record for aggregate 
movement in modern warfare was 92 Km/day for 4 days (or 
about 6 Km/hour) by the 24th Mechanized Infantry Division 
in Desert Storm [15,17]. Individual vehicles may move 
much faster, but they would not continue at high rates very 
long because they fight as part of units in which movement 
must be coordinated. 

RELATED WORK 

The partitioning of virtual worlds into spaces is a common 
metaphor for VEs. Multi-User Dungeons (MUDs) have 
used this idea and projects like Jupiter from Xerox PARC 
have extended this to associating "rooms" with multicast 
video and audio teleconferences [24]. Lockheed has 
developed a similar concept for spatial partitioning that 
assumes the use of ATM multicast "channels", i.e. mapping 
relevant groups to ATM's Virtual Channel Identifiers. 
Though ATM multicast technology is not yet mature, (few 
vendors support it), these ideas present exciting 
possibilities. 

Benford has described a concept for the spatial interaction 
of objects in a large-scale VE [22]. The spatial model uses 
different levels of awareness between objects based on their 
relative distance and mediated through a negotiation 
mechanism. An implementation using DIVE (Distributed 
Interactive Virtual Environment) uses "standard VR 
collision detection" to determine when the transitions 
between awareness levels should occur [26]. The 
MASSIVE project also uses this approach. However, the 
need for collision detection, reliable communication, and 
strong data consistency have made it difficult for DIVE and 
MASSIVE to scale beyond a handful of users [25]. This 
may be changing as their developers pursue the use of 
multicast communications and weaker data consistency. 

APPROACH 

Our approach is computationaly efficient-constant time 
versus 0(log n) for simple collision detection using octrees 
or bounding volumes-and takes advantage of multicast 
networks for partitioning the environment [19]. 
Additionally, we consider two other criteria for establishing 
relevance among entities and their communication in the 
VE. 

Entities also may belong to ^functional class in which an 
entity may communicate with a subset of entities. Therefore, 
simulated radio traffic should be restricted only to the 
interested parties of the group. Other types of functional 
classes could be related to system management or services 
such as time. 





Figure 2. Area of Interest for vehicle mapped to a subset of multicast groups. 

while C is a member of both and participates in each 
session. 

Therefore, multiplexing and demultiplexing is done at the 
network level. This naturally provides a way of separating 
classes of traffic such as audio, video and simulation data. 
For example, the radio communications functional class 
would be mapped to a particular multicast group address or 
"channel". 

As stated before, this partitioning is necessary to reduce the 
enormous computational requirements of large-scale 
(100,000 player) simulations. For a 1000 object exercise 
conducted in 1990 with SIMNET, the limiting factor was 
not network bandwidth, with loads running at 50%, but the 
local host processor performance [1]. Network simulations 
done by Van Hook have shown that a 90% reduction in 
traffic to a particular node is achievable for a 10,000 player 
exercise using multicast services [13]. 

ASSOCIATIONS 

To illustrate our ideas, we examine using the AOIM to 
associate spatial classes with multicast addresses. We 
suggest for this example partitioning the VE with 
appropriately sized hexagonal cells. Each cell is associated 
with a multicast group. In Figure 2 we associate a vehicle 
with 19 hexagons that represent its AOI. Hence, it is also a 
member of 19 network multicast groups. The entity's host 
listens to all 19 groups but, with two exceptions, it sends 
PDUs only to the one associated with the cell in which it is 
located. 

There are several reasons we use hexagons. First, they are 
regular, have a uniform orientation, and have uniform 
adjacency [18]. As the vehicle moves through the VE, it 
uniformly adds and deletes the same number of cells/ 
multicast groups. 

Secondly, a vehicle's AOI is typically defined by a radius - 
much like signal of transmitter in a cellular telephone 
system. If squares were used, we would either need to 
include more area than was necessary (and thus include 
more entities in our AOI) or use smaller grids - requiring 
more multicast groups - and compute which grids the 
vehicle should be associated with. Using hexagons with a 
2.5 km radius, the AOI above ranges from 12.5 to 8.6 km 
and the area is 411 km2. If the average density of vehicles 
was 2 per km 2, then the entity host communicates with 
approximately 800 other entities. As mentioned previously, 
the AOI varies with respect to the capabilities of the system 
simulated. 

GROUP CHANGES 

Entities can belong to several groups at a time to avoid 
boundary or temporal aliasing. There will likely be few 
group transitions by a ground-based entity within an hour 
because, on average, groups of vehicles will move slowly 
relative to the entire VE. If a vehicle was moving at the 
Desert Storm record advance rate, it would transition on 
average a cell once an hour. The vehicle portrayed in Figure 
2 must join and leave 5 multicast groups which are 
associated with cells at the periphery of its AOI where 
change is less critical - ameliorating the effects of latency 



caused by joining and leaving new groups. The outlined 
clear cells are removed and the outlined grey cells are added 
as the entity transitions to a new cell. 

We use group changes as an opportunity for database 
updates -- similar to a paged memory scheme -- in order to 
eliminate regular ESPDU updates. We do this in a logical, 
distributed manner using knowledge about the age of 
entities with respect to their particular group. 

An entity joins a group as a passive or active member. 
Active members send as well as receive PDUs within the 
group, are located in the cell associated with the group, and 
can become the group leader. Passive members normally do 
not send PDUs to the group except when they join or leave. 
They are associated with the group because the cell is within 
their AOI, yet they are not located within the cell. 

When an entity joins a new group it notes the time it entered 
and issues a Join Request PDU to the cell group. The PDU 
has a flag indicating whether it is active or passive. The 
group leader replies with a Pointer PDU that references the 
request and in turn multicasts a PDU containing a pointer to 
itself or another active entity. The new member sends a 
Data Request PDU to the referenced source which issues a 
Data PDU containing the aggregate set of active entity 
PDUs. A passive entity becomes an active member of a 
group by reissuing the Join Request PDU with a flag set to 
active when entering a cell. Departures from the group are 
announced with a Leave Request PDU. 

We use the oldest member of the group as the election 
method for group leader. We make use of timestamps to 
determine the oldest member. The first active member of a 
group will issue several Join Request PDUs before 
concluding that its is the sole member of the group and 
therefore the oldest. When a passive entity determines that 
there is no leader, it merely listens for active members. A 
new active member of an established group issues a Join 
Request PDU, receives the Data PDU, notes the join 
timestamps of the members, and keeps track of those who 
enter and leave. 

RATIONALE 
The Data PDU may be sent reliably to the issuer of the Join 
Request PDU via a unicast protocol as a heavy-weight 
object. With a large member distributed simulation, 
reliability, as provided in the Transmission Control Protocol 
(TCP), would normally penalize real-time performance 
merely by having to maintain timers for each host's 
acknowledgment. Moreover, flow control is also not 
appropriate for DIS since systems with humans in the loop 
can recover from a lost state message more gracefully than 
from late arrivals. Fortunately, within the context of DIS, a 

certain amount of unreliability is tolerable and is mediated 
through the use of the dead-reckoning and smoothing 
algorithms [4,8]. Other applications such as packet voice 
and video can use adaptive techniques to handle lost packets 
and delays [9]. However, we can reliably send the Data 
PDU because the entity will normally be joining a group 
that is at the periphery of its AOI where latency is not as 
critical. 

Communications model. We conjecture that a large-scale 
real-time VE cannot guarantee strong data consistency and 
reliable communication among all its participants 
simultaneously. Instead, four types of communication can 
be established which, used together, allow stronger 
consistency than simply broadcasting state messages. They 
provide for a much richer world through a mechanism for 
sending large objects reliably and supporting VE 
partitioning. 

In our model there exists four methods for communication 
within the context of VEs: 

Light-weight interactions. These messages are composed of 
the same state, event, and control PDUs used in the DIS 
paradigm but implemented with multicast. They are light- 
weight because the complete semantics of the message are 
encapsulated in the maximum transfer unit (MTU) of the 
underlying data link to permit asynchronous real-time 
interactive use. Therefore, these PDUs are not segmented. 
They are either received completely or not at all because 
they are communicated via connectionless and unreliable 
(unacknowledged data) networks. The MTU for Ethernet is 
1500 bytes and 296 bytes for 9600 point-to-point (PPP) 
links. 

Network pointers. Proposed are light-weight references to 
resources, in a similar way to Uniform Resource Identifier 
(URI) as defined in the Hypertext Transfer Protocol 
(HTTP) [27]. Pointers are multicast to the group so that they 
can be cached by members. Therefore, common queries 
need not be resent and the server can direct the responses to 
other members of the group. We make a distinction between 
pointers and light-weight interactions (e.g. Join Request 
PDU) because they do not completely contain a object but 
rather its reference. Pointers provide a powerful mechanism 
for referencing not only the current aggregate state of the 
group but also terrain, model geometry, and entity behaviors 
defined by a scripting language. In the context of the World 
Wide Web, network pointers have revolutionized Internet 
communication. 

Heavy-weight objects. These objects require reliable, 
connection-oriented communication. For example, an entity 
may require model geometry after joining a group that does 



not exist in its database. The entity would multicast a 
request for the geometry and the response would be a 
multicast pointer to the source. If efforts such as the Virtual 
Reality Modeling Language (VRML) are successful, 
heterogeneous systems may be able to exchange this type of 
information [28]. 

Real-time streams. Video and audio traffic provide 
continuous streams of data that require real-time delivery, 
sequencing and synchronization. Moreover, these streams 
will be long-lasting, persisting from several seconds to days. 
They are multicasted on a particular "channel" to a 
functional class. In contrast with the current DIS protocol, 
we propose the use of pointers to direct entities to these 
channels rather than, for example, forcing the VE, which 
may be as simple as a text-based application, to receive both 
light-weight DIS PDUs as well as video streams. Moreover, 
the VE can spawn a separate process which incorporates an 
adaptive receiver and which separates the handling of bursty 
simulation message from real-time streams. 

ENTITY INTERACTIONS 

Entities can only interact if they are aware of and can 
communicate with each other. Entity A becomes aware of 
entity B only if B is an active member of a group that A 
belongs to - and therefore, in the AOI of A. If both are only 
passive members of the same groups then each one is 
beyond the view or influence of the other. 

In a combat simulation, it is possible that if tank A fired a 
non-guided munition (which is not instantiated as an entity) 
at tank B, then B's AOI might not overlap the cell in which 
A was an active member tank. A must become an active 
member of the target area cell and forward a detonation 
PDU to that cell. According to the DIS protocol, entities 
assess for themselves the effects of the detonation and report 
via an ESPDU any state changes which are the result. 

ADVANTAGES 

Reduced latency for new entrant learning. Assuming an 
even distribution of entities in our example, for each cell 
joined an entity must receive data for about 40 other 
entities-approximately 40 Kbits. At 10 Mbps data transfer 
rates, it would take 4 ms to update a new entrant versus 5 
seconds under the current DIS scheme. 

Reduced bandwidth requirements. This architecture 
eliminates the need for entity keep-alives. New entrants are 
informed by the Join procedure of who exists in their 
particular groups. Multicast association further reduces the 
traffic demands on the tail links by confining the scope of an 
entity's communication to its area of interest and implicitly 
directing it traffic to a subset of hosts on the network. 

No need for a centralized server. Using the oldest member 
of a group to serve Join requests is logical because it is the 
entity that should know all of the other entities and the past 
events that have occurred in the group. We expect that 
serving the group will be relatively undemanding with 
respect to Input/Output processing for the group leader 
because of the small number of active members in a group/ 
cell and relatively slow transitions due to the expected real 
world transition rates for vehicles. Moreover, the server, 
through the pointer mechanism, can assign other entities to 
the task of serving the request. This provides an opportunity 
for exploring different algorithms for load balancing 
purposes. 

Solves the static and dead entity problem. Likely 
candidates for the group leader will be static entities such as 
those representing buildings or bridges which can change 
state (i.e. collapse). Servers for these destructible entities 
will be the originating members of a spatially associated 
group and remain with the group for its entire existence. 
Moreover, static or dead entities are no longer a major 
burden to the VE with respect to wasting bandwidth with 
update ESPDUs. They need only to transmit PDUs upon 
initialization and when changing state. 

Localization of reliability problems, large-scale VEs will 
naturally have some degree of unreliability. Partitioning the 
VE into groups prevents problems from impacting on the 
entire simulation. Currently, an entire DIS simulation 
involving hundreds of entities can fail because of a single 
rogue application because all communication is broadcast. 

Maintains the current DIS semantics. The AOIM can be 
run as a separate thread or process and eliminates the need 
to change current DIS PDU semantics. The application 
simulating an entity is not required to have knowledge of 
the partitioning or the AOIM. 

STATUS OF WORK 

We have developed an IP Multicast version of the NPSNET- 
IV 3D vehicle simulator using a network library developed 
by Paul Barham and John Locke that supports multiple 
threads and dynamic creation of multicast groups [23]. 
Furthermore, we are including the algorithms to support the 
AOIM concept presented here and developing a simulation 
to predict the results. 

CONCLUSION 

This paper describes a concept that provides a network 
software architecture for solving the problem of scaling very 
large distributed simulations. The fundamental idea behind 
our approach is to logically partition virtual environments 
by associating spatial, temporal, and functionally related 
entity classes with network multicast groups. This is 



accomplished by exploiting the actual characteristics of the 
real-world large-scale environments that are to be simulated, 
and by focusing an entity's processing and network 
resources to its area of interest via an Area of Interest 
Manager. 

Finally, we present an example of how we would implement 
this concept for spatial classes. We have begun design and 
construction of the AOIM for use with the NPSNET 3D 
vehicle simulator. NPSNET is currently the only DIS 
compliant simulator using IP Multicast communications and 
is suitable for operation over the Internet. 
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ABSTRACT 
The Environment Manager (EM) is a high-level tool for 
constructing both single user and multi-user virtual envi- 
ronments. A script file is used to initialize and run virtual 
worlds. Independent applications can share information and 
cooperate with each other across the Internet. EM reduces the 
effort required to produce a networked virtual world by pro- 
viding high-level support for application replication, network 
configuration, communication management and concurrency 
control. This paper describes the architecture and implemen- 
tation of EM. 

KEYWORDS: Multi-User, MR Toolkit, Peers, Interpreted 
Language, Networked Virtual Reality 

1    INTRODUCTION 
With many single-user Virtual Reality(VR) applications be- 
ing successfully implemented [3, 13, 15, 16, 20], Networked 
Virtual Reality is now becoming a hot topic. Networked 
Virtual Reality refers to virtual environments where multi- 
ple users connected by a network can share information with 
each other. The production of good VR worlds, whether 
single user or networked, requires a considerable amount of 
design and programming time. Expertise is required in de- 
vice handling, user interface design, network programming, 
graphics programming, and interaction techniques. 

We have been building software tools that reduce the amount 
of development work for VR, allowing the VR implementer 
to tackle a wider range of applications. These tools are briefly 
summarized: 

The MR Toolkit [18] provides standard software facilities 
required by VR user interfaces. It provides support for com- 
mon VR devices such as 3D trackers, Head Mounted Displays 
(HMDs), gloves, and 3D mice, and supports distribution of 
the user interface and data over several workstations. A 
single-user MR application consists of one or more UNIX- 
style processes, with one designated as the master process, 
and the others as slave or computation processes. Slaves are 
used to perform output tasks on non-master machines, such 
as rendering the other eye's image for a HMD, and com- 
putation processes perform CPU-intensive tasks on compu- 
tation server machines. MR applications are written in C 
or FORTRAN, and the graphics programming is done using 
the machine's native graphics library such as GL, Phigs or 
Starbase. 

The MR Toolkit Peer Package is an extension to the MR 
Toolkit that provides the connection level facilities to allow 
multiple independent MR applications to exchange data with 
one another across the Internet [17]. The master process 
(the peer) can transmit device data to other remote master 
processes and receive device data from them. Application- 
specific data can also be shared between peers. Any MR 
Toolkit program may start up the peer package at any time, 
and may initiate and quit communications with other pro- 
cesses at will. Peers are connected pairwise and one peer 
may send a message to any or all other peers using proce- 
dures. 

JDCAD+[12,14] is a solid modeling and animation computer- 
aided design system. It uses a Polhemus or Ascension 3D 
tracker to sweep out 3D canonical shapes such as boxes, 
cylinders, cones and the like. These shapes can be reshaped, 
joined together and connected in kinematic chains. JDCAD+ 
has a keyframe animation facility that can be used to ani- 
mate various motions of an object. JDCAD+ automatically 
generates OML animation code, and most animations can be 
created without the user having to write an OML program. 

OML (the Object Modeling Language) is a procedural pro- 
gramming language we have designed, with fundamental data 
types and operations for geometry, object-oriented program- 
ming and behavior specifications [11]. It is used to describe 
the geometries and behaviors of 3D objects used in virtual 
worlds. The geometry processor within the OML interpreter 
supplies efficient collision detection between objects selected 
by the world designer, and performs efficient object culling to 
maximize visual update rate. OML is designed to be portable 
to any platform, so its geometric modeling aspects are inde- 
pendent of any particular graphics package. 

An OML object corresponds to a C++ Class, and contains 
code to generate the geometry of the 3D object, to control 
how the 3D object is to appear (color, texture, etc), and be- 
havior code. An OML instance corresponds to a C++ object 
instance. An OML behavior is a procedure (method) that 
reacts to an incoming event or combination of events, and 
typically generates some sort of change in the state and ap- 
pearance of the 3D object. Behaviors trigger other behaviors 
by sending an event to the behavior to be triggered. The built- 
in tick event triggers ongoing behaviors like walking and so 
on, and an internal time value can be used to interpolate 
between keyframes. 
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Figure 1: A VR Tool Architecture And Its Component 
Relationships 

The OML compiler produces an interpretable version of the 
object specification (called the object prototype) and the OML 
interpreter is linked with the application program at run-time. 
One can create an arbitrary number of instances at run-time 
and have high level control over their behaviors. Different in- 
stances for the same object can have different geometries and 
behaviors, since object specification can be parameterized. 

To create a Virtual Environment using OML, an MR Toolkit 
program (written in C) loads compiled OML code for each 
of the objects, sets up the VR devices that are to be used, 
dispatches device-related events to the OML interpreter as 
appropriate, and calls the interpreter every graphical update. 
The interpreter evaluates the behaviors of each instance, and 
draws each instance. Writing a new C program for each new 
OML-based Virtual Environment is a rather error-prone and 
tedious process, so a high-level tool called the Environment 
Manager (EM) was developed on top of our existing tools to 
eliminate the programming effort of initializing and running 
OML-based virtual environments. EM can run both single 
user and networked virtual environments, as specified on 
the command line. EM constructs a virtual environments 
using only a script file, without any lower level programming. 
The architecture of our VR tool package and the relationship 
between its components is illustrated in Figure 1. 

2    RELATED WORK 
In this section, we focus on existing networked VR systems 
and tools. Most of the newly developed tools and systems use 
the application replication architecture - each participating 
process has a copy of a replicated application database and 
changes are propagated to the other processes. 

The most famous example of multi-user virtual environment 
is SIMNET [1, 4], which is a distributed interactive virtual 
world for battlefield simulation and training. In SIMNET, an 
object broadcasts an event to all objects without calculating 
which other objects might be interested in the event, or how 
the receiving objects might be affected by it. The receiv- 
ing object decides what it is going to do about the received 
event. Objects transmit information only about changes in 
their state (position, orientation), and the dead reckoning al- 
gorithm is used to extrapolate state for objects. NPSNET 
[20] and VERN [2] use SIMNET's DIS protocol to perform 
military simulations. 

The Distributed Interactive Virtual Environment(DIVE), de- 
veloped at the Swedish Institute of Computer Science, is a 
platform for heterogeneous multi-user virtual environments 
[5, 6]. A process group in DIVE is a set of processes which 
can be addressed as one entity: atomic multi-cast protocols 
can be used to relay the messages addressed to the group 
as one, so each process in the group can receive exactly the 
same updates with reduced network traffic. In DIVE, there 
are three mechanisms to ensure consistency in the replicated 
database: mutual exclusive locks, reliable source ordered 
multi-cast and distributed locks. 

IBM's VR-DECK [7] is a C++ class library that extends 
IBM's Rubber Rocks system [8] by distributing the role of 
the central dialog manager among a collection of peer pro- 
cesses called modules. Modules are the building blocks of 
the virtual environment, includinggraphical objects, trackers, 
and Tenderers. Each module has a set of compiled-in rules 
which determine which events to accept, what type of event 
to generate, and how the module reacts to a certain event. 
For each receiver, a module maintains a list of events that 
the receiver is known to be interested in, minimizing inter- 
module network traffic. Similar to visual programming, a 
2D graphical tool called vbuild is used to create a virtual en- 
vironment by connecting the application's modules to each 
other and to the device and rendering modules. Multi-user 
virtual worlds can be created by manually connecting each 
user's application modules to each other and to each of the 
other user's Tenderers. The configuration can be saved, so 
that startup easier the second time around. One clear disad- 
vantage if this system is that a single module must start all 
the others, which requires that the this process have execution 
privileges on each user's machine. Also, it is not clear how 
a user at another location can join an already-running virtual 
environment. 

BrickNet is a networked virtual reality toolkit developed at the 
National University of Singapore [19]. Different from DIVE 
and the MR Peer Package, which have a peer-to-peer commu- 
nication scheme, BrickNet has a client/server communication 
configuration. A virtual world developed using BrickNet is a 
client, which connects to a server to request objects of interest 
and communicate with other clients. BrickNet virtual worlds 
are not restricted to having identical local databases (set of 
objects), as is the case with SIMNET and DIVE (they are 
multi-user-same-content applications). Similar to MR Peers, 
BrickNet uses UDP to transmit messages. 
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/^Another Environment^ 
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Figure 2: Architecture Of The Environment Manager 

3    EM ARCHITECTURE 
EM binds together multiple OML objects into a virtual world. 
It sets up the VR devices, dispatches events, and calls the 
OML interpreter every update. In the networked (multi- 
user) case, EM implements the replicated architecture, al- 
lows identical or different content network configuration, 
performs shared information communication management, 
concurrency control and network bandwidth reduction. 

EM is in charge of the initialization and management of the lo- 
cal application as well as communications between the other 
applications. Each user in a multi-user virtual environment 
runs a local EM which communicates with other EMs across 
the network. The OML objects managed by EM need not be 
aware whether the world is single-user or multi-user, since 
EM handles all the event dispatching that triggers OML be- 
haviors. This allows an object designer to create OML objects 
without having to worry about what context they may be used 
in. 

The virtual world built by EM (called an EM world) is com- 
prised of OML objects and instances that embody their graph- 
ical, behavioral and network properties. Unlike SIMNET, 
EM worlds are not restricted to sharing an identical set of 
objects. An EM world manages its own set of objects and 
instances, some or all of which may be shared with other EM 
worlds on the network. Local objects and instances are those 
which reside on the user's home machine. Shared objects or 

instances may be loaded by other EM worlds on the network. 
The remote versions of local objects are called ghosts. 

EM consists of four subparts: (see Figure 2) the descrip- 
tion file parser, interaction support, the VR world and the 
communication handler. 

3.1   The Description File Parser 
EM starts by reading an EM world description file that states 
the configuration if this EM world. A two-pass parser reports 
syntax errors in the EM file, and collects information about 
device configuration, object files, instances, and behaviors. 
This information is processed by the remaining EM subparts. 

The following information is specified in an EM description 
file: 

1. Device configuration. 

This part specifies the local devices to use. 

2. Object prototype files 

The local OML object prototype files are listed here. EM 
loads these files into the OML interpreter. 

3. Instances 

Each instance of a local object is specified here. Each entry 
consists of the name of the object, the name of the instance, 
the parameter values used to create the instance, the map- 
ping from events to behaviors, and the shared variables for 
the instance, if there are any. 

4. Object behaviors 

If an instance does not specify an event for a behavior, it will 
inherit the event for that behavior from its object. These 
object behaviors will be inherited by remote instances of 
this object if this object is shared. This inheritance elim- 
inates the tedium of having to specify the same event for 
each instance of an object. 

5. Networked EM world description. 

This part specifies the shared objects and instances. 

For a single-user EM world, networked descriptions (item 
5) are not included. The networked EM world description 
specifies the shared objects and instances that can be exported 
to or imported from other EM worlds. This specification has 
four parts: 

1. Concurrency control scheme. 

The EM programmer may choose one of two concurrency 
schemes, as outlined in section 4. 

2. Shared object information. 

This is a list of the names of the objects that are required 
by this EM world. The local EM will solicit remote EMs 
for these objects. Hopefully the remote EMs which have 
them and are willing to export them. 
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3. Shared instance information. 

This information is provided when an EM world wants 
to send shared instances to remote EM worlds. Remote 
EMs should have the objects that the instances are created 
from. The information is a subpart of the EM description 
file containing instance entries, identical to item 3 in the 
previous list. 

4. Expected object information. 

This is a list of objects that the local EM world expects to 
receive from remote EMs. Expected differs from required 
in that required objects are solicited by the local EM while 
expected objects are not. If the local EM receives an object 
that is neither required nor expected, it is discarded. 

3.2 Interaction Support 
The MR Toolkit manages devices such as 3D position and 
orientation trackers, hand digitizers, and sound I/O using 
the client-server model. The EM interaction support simply 
states what devices are to be used, and automatically per- 
forms MR's data collection. EM also creates an instance of 
a special object called "body", which provides instance vari- 
ables for the user's eye position and orientation, the position, 
orientation and finger shape of the hand(s), and tracker button 
state. 

3.3 The VR World 
This subpart of EM manages objects and instances, either 
local or shared, to form the content of the virtual world. EM 
loads in all the OML object prototypes, creates, positions 
and orients the instances within the environment, and builds 
the event table for all instance behaviors. The mapping from 
events in the environment to behaviors is handled at run-time. 
At each time step, EM checks the events in the event table 
to see if any behavior needs to be activated. If an event has 
occurred, EM activates the corresponding behavior, puts it 
on the active behavior list, and runs it at the next time step. 

An EM world can receive shared objects in the form of OML 
code during the simulation. These objects are loaded into the 
interpreter by EM as they are received. Due to the interpreted 
nature of OML, an object can be loaded multiple times dur- 
ing the simulation, allowing incremental updates. An EM 
world can also receive shared instances in the form of an EM 
description file, which is parsed by the EM parser to create 
the ghosts of shared instances. 

3.4 The Communication Handler 
In BrickNet, the communication is based on the client/server 
architecture, whereas in EM the communication is peer-to- 
peer. We put the "server box" of BrickNet's client/server 
architecture down in each peer. From the command line, 
EM gets the information about the remote peer that the lo- 
cal application wants to connect to. The local process does 
not block while starting communications with a remote peer. 
All connection solicitation and other peer traffic takes place 
asynchronously, so any EM application may start up the peer 
package at any time. 

EM parses shared data items from the description file, and 
allocates shared data storage for each item.   EM handles 

application data updates based on the concurrency control 
scheme stated in the description file. The peer shared data 
facility also allows a callback to be defined whenever a shared 
data item arrives from a remote peer. The callbacks are 
used by EM to update the actual application variables and 
to activate the EM description file parser if a piece of EM 
description file code is received. 

The peer package and EM maintain a complete graph con- 
nection topology by default, which means that each peer is 
connected to all other peers explicitly. Each peer has a list 
containing all the active remote peers, and it informs the con- 
nected peers when it receives a new remote connection. Any 
EM world may start up the peer package at any time and may 
initiate and quit communications with other EM worlds at 
will. A quit command is sent out when an EM world wants to 
quit, causing the recipient to delete this remote peer from its 
connected-peer list. EM defines a callback for the quit mes- 
sage, which deletes the shared instances and objects owned 
by the remote peer sending out the quit message. 

3.5 Unique Instances 
One of the main features of EM networked worlds is the 
ability to create multiple new instances while the simulation 
is running. It should be possible to communicate between 
instances regardless of the locations of the sender and the 
receiver. Each peer must be able to determine the instances 
associated with shared messages. Therefore EM assigns a 
unique identifier to an instance which can then be used to 
communicate with it. 

3.6 Reducing Bandwidth 
The main limitation on maximum performance for distributed 
VR systems is the bandwidth of the connections between 
processors in the system. It is necessary to reduce the com- 
munication between processors as much as possible. In EM, 
instances transmit only shared variables whose states have 
been changed. Messages are sent only to relevant EM worlds. 
Like SIMNET's dead reckoning, EM supports local simula- 
tion of the behavior of shared instances. EM also provides 
quenching and unquenching messages (similar to BrickNet 
[19]) to eliminate unnecessary communications, if an EM 
world decides to stop collaborative work for a period of time 
and does not wish to be informed of any updates for all im- 
ported objects during the break. 

4    CONCURRENCY CONTROL 
The replicated architecture needs concurrency control to re- 
solve conflicts between participants' simultaneous operations. 
Concurrency control algorithms used in distributed database 
systems, such as explicit locking and transaction processing, 
are not appropriate for networked virtual environment under 
certain circumstances [10]. Networked VR systems and dis- 
tributed systems are similar in that they are distributed over 
a network and they are shared by multiple users. However, a 
networked VR system is required to be responsive [18]. Un- 
der certain circumstances, responsiveness can be lost when 
locking (applied in DIVE) or a centralized controller (applied 
in BrickNet) are used. 

We have found that different applications may need different 
concurrency control schemes.   It is not necessary to find a 
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generic control scheme for every type of application; instead, 
we have implemented two schemes, and leave the choice of 
scheme to the users: 

4.1 Simulation Ownership Token Passing 
Some networked VR applications (e.g. the multi-player hand- 
ball game [17]) are intended for situations where only one 
participant at a time owns the simulation and is active, while 
the other participants watch the simulation, and wait for their 
turns. We maintain consistency of a distributed virtual world 
database by restricting manipulation in such a way that only 
one site can perform operations to alter the status of the virtual 
world. 

4.2 Ownership and Access Permissions 
Instance or instance variable ownership indicates that only 
one EM world is permitted to have control over that value. 
The ownership may be fixed at inception, or it may shift 
between EM worlds as the application demands. For exam- 
ple, the ownership of a tank in SIMNET is never transferred, 
while the handball game transfers ball ownership. 

As mentioned in section 3, an EM world may have local 
objects and instances which have no relation to other EM 
worlds, or it may export objects or instances to the network 
and share them with other EM worlds. Using ownership, we 
can restrict sharing in various ways. For example, an instance 
might be visible to other EM worlds, but updatable only by 
its current owner. 

EM assigns access permissions to each instance shared vari- 
able, similar to file access permissions. EM defines two kinds 
of permission for a shared variable: 

• Writable Permission 
Other interested EM worlds have permission to write to 
this shared variable. Every EM world is permitted to write 
its local shared variables. 

• Readable Permission 
Other interested EM worlds have permission to read this 
shared variable, and the variable owner will send out the 
current value if necessary. 

These concurrency control algorithms are managed and en- 
forced by EM, and do not require special OML coding to im- 
plement. For example, if a local instance variable is writable, 
the OML interpreter does not know whether this local vari- 
able has been written by a remote EM. This allows for reuse 
of objects in both single and multiple user virtual environ- 
ments without the need for rewriting the OML code for an 
object. Because instance variables are updated by EM before 
it calls the OML interpreter, all behaviors will run with the 
new values. External changes to instance variables will not 
occur in the midst of OML behavior execution. 

To allow responsiveness, each EM world has its own copy 
of the simulation including the shared information. When 
an operation is requested (e.g. a button press causing an 
instance to move), the copy locally performs the operation 
immediately, which may cause an inconsistent state if another 
EM is also operating on this instance. Writable variables are 
the usual suspected cause of inconsistency, but this depends 
on the semantics of the variable. 

One way to solve this problem is to use a technique called 
operation transformations [9], which allows responsiveness 
by executing local operations immediately. After the exe- 
cution, the VR world sends out the operation, along with a 
state vector indicating how many operations it has recently 
processed from other VR worlds. Each VR world has its 
own state vector, which it compares to incoming state vec- 
tors. If the received and local state vectors are equal, the 
receiving operation is executed as requested; otherwise it is 
transformed before execution. 

The specific transformation is dependent on the operation 
type (e.g., an add or delete) and on a log of operations al- 
ready performed. However, it is not clear whether a user 
immersed in a virtual environment is happy with both oper- 
ation transformations and being told the action he/she has 
made is ineffective, so we have not yet implemented this. In 
reality, some actions are irreversible. 

Ownership token passing solves the concurrency problem 
by enabling a process to locally update a variable and then 
distribute the changes while holding the token. Unlike the 
ownership concurrency control in BrickNet [19] and the dis- 
tributed locks in DIVE [5, 6], there is always one user who 
owns the instance or the variable token at any time. The 
current token owner is broadcast to every other user, so that 
whenever a user wants to modify an instance or a variable, 
he/she knows where the request should be sent before the 
actual operation is performed. 

The effectiveness of a concurrency control scheme is highly 
application dependent. Each scheme may yield good perfor- 
mance for one application but poor performance for others. 
We have not yet made a formal study of the relative perfor- 
mance merits of these schemes. 

5    EXAMPLES 
We introduce three networked demonstrations built using 
EM: (1) a dynamic target shooting game, (2) a simple tank 
battle, and (3) the East Edmonton Mall design environment. 

The shooting game allows networked players to shoot dy- 
namic targets selected by the opposing players. One player 
shoots at a time, while being watched by the remaining play- 
ers. The simulation token passing concurrency control is 
used in this demonstration. 

In the Tank Battle demonstration (figure 3), each EM world 
represents a soldier owning a tank and its view-scope. The 
object space is the same across all the participants. Every 
soldier can enter or leave the battle simulation at any time. 
Each EM world broadcasts a tank instance (a ghost instance) 
representing the local tank to all the other EM worlds, so that 
each soldier can see all of the tanks which are currently in 
the battle. The instance ownership and access permission are 
used in this demonstration. The OML interpreter's collision 
detection facility generates collision events between tanks 
and enemy bullets, which in turn allows a bullet to update 
the tank's writable hit variable. The appendix shows the EM 
script for the red tank in this demonstration, and figure 3 
shows two simultaneous Screenshots from two users. The 
black tank's EM script is identical except for the fifth line, 
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Figure 3: Simplified tank battle. In the upper picture, 
the black tank has just blown up. The lower picture is 
the black tank's simultaneous view of this. 

which instances tank2 at a different location and color. 

The East Edmonton Mall Design Environment is representa- 
tive of networked design systems that can be supported by 
EM. Unlike the previous two "same-content" networked VR 
worlds, this environment consists of three EM worlds, each 
of which has different objects and content. 

The Airplane Museum is an EM world that contains a number 
of airplane objects on display to its user. The second EM 
world is the Sculpture Studio, which contains a collection 
of dynamic sculpture. The Mall Design Studio allows its 
user to design a building in which various sculptures and 
airplane models are to be placed. Because the Mall does not 
have its own sculptures or airplanes, it sends out a request 
to the network for the specified plane models and sculptures. 
The Plane Museum and the Sculpture Studio export their 
objects, along with the object behaviors onto the network 
upon receiving the request. The Mall Design Studio takes 
the received models, places them in the desired spots and 
shows their dynamic features (behaviors). Updates for these 
shared pieces are sent out by their owners whenever any new 
design idea has been applied. 

6    DISCUSSION 

To compare with other multi-player VR systems, SIMNET 
[1,4], DIVE [5, 6] and VR-DECK [7] support only multi- 
user-same-content applications that have the same object 
space across all the users; whereas EM provides support 
for both multi-user-same-content and multi-user-different- 
content applications. EM enables the real-time sharing of 
object code, since like BrickNet [19], EM uses an interpreted 
object representation language. 

In EM, messages are sent only to virtual worlds that have 
the affected object or instance and have expressed interest 
in receiving updates. This strategy is very different from 
broadcasting messages to all worlds whether the messages 
are relevant or not. The broadcasting approach leads to a 
significant amount of redundant network traffic in large-scale 
VR environments. Network bandwidth can also be reduced 
with EM dead-reckoning support. 

DIVE uses multicast protocols to transmit messages. The 
MR Toolkit peers package does not currently use multicast- 
ing, but with the steady proliferation of the multicast back- 
bone, the peer package can now be usefully re-implemented 
to use multicasting without the programmer being aware of 
the change. The only outstanding issue with multicast is a re- 
liable multicast protocol. Locking is used in DIVE to prevent 
data inconsistency, EM provides a wider and more flexible 
concurrency control solution for users to choose. 

The major difference between EM and BrickNet is that Brick- 
Net uses the client-server arrangement for the creation of net- 
worked virtual worlds, while EM follows the complete dis- 
tribution strategy. Complete distribution is more complex, 
but less prone to failure and provides less opportunity for 
communication bottlenecks to occur. BrickNet has several 
distributed cooperating servers running on high performance 
machines. EM takes this distribution trend one step further 
by allowing any EM process to function as a server. 

7    CONCLUSIONS 
The Environment Manager (EM), Object Modeling Language 
(OML), JDCAD+, and the Minimal Reality (MR) Toolkit pro- 
vide a rich set of functionalities geared towards expediting 
the creation of both single-user and networked, multi-user 
virtual worlds. They eliminate the need to learn about low 
level graphics, device handling and network programming. 
This is achieved by providing higher level support for graph- 
ical, behavioral and network modeling of virtual worlds. 

The MR Toolkit provides support for common VR devices 
and numerous interaction techniques. OML provides geom- 
etry and behavioral modeling for three dimensional objects 
used in virtual worlds. JDCAD+ is used to interactively cre- 
ate and animate dynamic 3D objects, automatically creating 
OML code and an associated EM script. EM sits on top of 
OML and MR, allowing for the easy construction of virtual 
environments. Instead of asking the developer to start from 
scratch, EM generates both single-user and networked virtual 
worlds using a simple script file where the device configura- 
tion, object and instance information (including parameters, 
behaviors and network-shared information) are specified. 

Existing single-user OML applications that once required a 
C program to load OML code and start up the devices can 
now use an EM script. For example, an OML demo program 
that once required a 400 line C program now uses a 20 line 
EM script. EM's multi-user support radically simplifies the 
programming of networked virtual worlds by appropriately 
packaging the network facilities. Adding another user to a 
running multi-user virtual world is as easy as running EM 
from the command line with options to rendezvous with the 
appropriate remote machine, using a description file with 
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unique local instance names. 
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8    APPENDIX 
EM Description File for the Tank Battle Demonstration 

world tank_simulator 
simulation shared information 

round_robin off 
broadcast-instances 

instance Tank tankl (10,10, 0.5, (1,0, 0), 0) 
actions 

collision (hilLOBJ) explosion 
collision (Bomb ) gotJt 
collision (Tank) explosion 
need_to_explode explosion 
tick marching 

end 
shared information 

heading double writable 
tx double writable dead-reckoning 

17 



ty double writable dead-reckoning 
hit integer readable writable 
start_marching integer writable 

end 
end 
objects expected 
Tank 

end 
end 

object-files 

world.obj tank.oml.obj body.obj 
hill.obj bomb.obj 

end 
instance WORLD terrain (-99, 99, -99, 99, 30, 30) 

instance test-body body 

actions 
tick navigation 

end 
instance Tank tankl (10,10,0.5, (1, 0, 0), 1) 

actions 
tick signal_marching 
begin_marching marching 
tick turning-withJiand 
tick signal-Stop 
collision ( hilLOBJ) explosion 
collision ( Bomb) gotJt 
collision ( Tank) explosion 
need-to-explode explosion 

end 
shared information 

tx double readable 
ty double readable 
hit integer readable writable 
heading double readable 
start-marching integer readable 

end 
instance Bomb bombl 

actions 
tick stay 
tick start-to-shoot 
need-to-bomb bombing 
collision ( hilLOBJ) stop-shoot 
collision ( Tank) stopJo^shoot 
need_tO-Stop stop-to-shoot 

end 
instance hilLOBJ hilLl (50,50, (0.9,0.3, 0.8)) 

instance hilLOBJ hill_2 (40, -30, (0, 1,0.5)) 

instance hilLOBJ hill_3 (-80, 70, (0.8, 1, 0.5)) 

instance hilLOBJ hilL4 (-65, -75, (0.3, 0.4, 1)) 

end 
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ABSTRACT 
In a majority of networked virtual worlds, object sharing is 
limited to object geometries only. The BrickNet toolkit 
extends the sharing of objects to include dynamic object 
behaviors. This is achieved by combining a structured 
organizational paradigm for virtual worlds with an 
interpreted language. Sharing in virtual worlds is handled by 
transferring the program code that builds the structure and 
executes the behavior. The range of behaviors that can be 
shared in BrickNet include simple behaviors, virtual world 
dependent behaviors, reactive behaviors and capability- 
based behaviors. 

KEYWORDS: Virtual reality, network-based virtual worlds, 
client-server computing, object management 

1.0     INTRODUCTION 
Networked virtual worlds allow multiple virtual worlds 
connected on a network to share information with one 
another. This information describes the static geometrical 
structure of the worlds and its behavior, that is, the time- 
variant aspects of the worlds. In a majority of networked 
virtual worlds, object sharing is limited to object 
geometrical structure only. Our toolkit, BrickNet, extends 
the sharing of objects to include dynamic object behaviors. 
The range of behaviors that can be shared include simple 
behaviors, virtual world dependent behaviors, reactive 
behaviors and capability-based behaviors. Examples of 
simple behaviors include canned animations and linearly 
interpolated animations. In virtual world dependent 
behaviors, the behavior of the object depends on certain 
properties of the virtual world in which they reside. Reactive 
behaviors react to events generated by the user or other 
objects. For capability-based behaviors, their execution 
depends on the receiving client having a particular 
capability. This paper describes how object behaviors are 
shared among virtual worlds. For a general discussion of the 
BrickNet architecture, see [2]. 

BrickNet enables graphical objects to be maintained, 
managed, and used efficiently, and permits objects to be 
shared by multiple virtual worlds or "clients". A client can 
connect to a "server" to request objects of its interest. These 

objects are deposited by other clients connected to the same 
server or another server on the network (see Figure 1). 
Depending on the availability and access rights of objects, 
the server satisfies client requests. 

Clients of server SI 

Clients of server S2 Clients of server S3 
Figure 1. A BrickNet server handles several clients. 
Servers communicate with each other to satisfy 
client requests 

BrickNet's object sharing strategy allows users to set-up 
their own private work-spaces, populated by shared and 
private objects. BrickNet virtual worlds are not restricted to 
sharing an identical set of objects; a virtual world manages 
its own set of objects, some or all of which may be shared 
with the other virtual worlds on the network. This basic 
arrangement can be used to implement several types of 
applications including collaborative, interactive learning 
systems (see Section 2), collaborative design environments 
[12], location-based entertainment (LBE) systems, 
concurrent engineering systems and other asynchronous 
network-based interactive, graphical environments. 

BrickNet currently runs on a network of Silicon Graphics 
workstations. It has been implemented in the Starship [7] 
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and C programming languages. Starship is a general- 
purpose, interpretive, frame-based language. It provides 
both the object-oriented model and the frame model. The 
communication part of BrickNet has been implemented 
using UDP. Our I/O devices include Virtual Research 
EYEGEN 3 Head Mounted Display, Crystal Eyes stereo 
glasses, Ascension's The Bird, Logitech 6D mouse, and 
Immersion's Probe. 

2.0     A QUICK EXAMPLE - COLLABORATIVE, 
INTERACTIVE LEARNING 

To help understand the types of applications that BrickNet is 
aimed at, we describe a collaborative, interactive learning 
environment which has been built using BrickNet. This 
environment is representative of systems supported by 
BrickNet, although it has been simplified here for expository 
purposes. 

TABLE 1. Types of Joints 

Figure 2. A student learning about mechanical joints 
and building objects in his virtual world. 

Our example environment allows three students, Audrey, 
Willie and Ming, to build objects with mechanical joints and 
to share these objects with each other to understand how 
various types of joints work. An instructor on the network 
can enter the students' environments to examine the state of 
their work. Students have private workspaces of their own in 
which they designs objects they are interested in (see Figure 
2). They can share objects, including object behaviors, with 
their classmates on the network. The types of behaviors that 
the students can use in the example system are: 

Type of Joint 

Sliding 
Pin 
Universal 
Cylindrical 

Ball Socket 

Degrees of 
Freedom 

1 
1 
2 
2 

Type of Freedom 

1 Translation 
1 Rotation 
2 Rotations 
1 Translation 
1 Rotation 
3 Rotations 

The Sliding joint is useful for implementing piston-like 
movements whereas the Pin joint is for scissor-blade-like 
movements. An example of Universal joint can be found on 
the axle of a car while the Cylindrical joint can be found on 
the contractible drill. The human lower-arm is joined to the 
upper-arm by a BallSocket joint. 

Students can request objects from their classmates by typing 
object names. To do so, they have to know the correct names 
of objects which they can get from the server. Alternatively, 
they can "enter" their classmates virtual worlds and bring 
back the (copies of) objects they like in their own virtual 
world. This is achieved by using "dynamic portals". 
Dynamic portals enable a user on the network to visualize 
the status of the current server-client configuration (refer to 
[12], for a discussion on dynamic portals). When the user 
hits the desired portal, the user ends up in the virtual world 
represented by the dynamic portal on the node. This is 
accomplished by transferring that virtual world's contents 
over the net to the current user who can then select the 
objects of interest. These can then be copied into the user's 
own virtual world (of course, whether an object can be 
copied or not, and the other permissions on the mode of 
copying, are controlled by the original owner of the object). 

When Willie enters AudreysWorld and selects, for example 
Piston, Audrey's world transfers the Piston object to 
WilliesWorld. This way a shared Piston object is created in 
Willies World. When Audrey modifies the Piston object, 
AudreysWorld sends updates to the BrickNet server, which 
then automatically forwards them to the WilliesWorld. 
AudreysWorld does not have to know about the clients that 
have its Piston object. The BrickNet server maintains this 
information and decides to forward updates to whichever 
client should get them. Since MingsWorld does not have the 
Piston object, it is not sent Piston updates. This filtering of 
messages is done by the BrickNet server. 

The instructor can also enter the student's workspaces to 
inspect their objects and interact with them, in the same 
fashion that students enter each others workspaces to copy 
objects. 
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3.0      RELATED WORK 
Multi-user virtual worlds can be divided into two groups. In 
the first group we put all those systems in which the content 
(or the set of objects) of all virtual worlds is the same. 
Individual users may be looking at different parts of the 
virtual space but they all have the same objects loaded in 
their worlds. In the second group, we put those systems in 
which virtual worlds are not restricted to sharing an 
identical set of objects. The objects loaded in a virtual world 
may differ from the objects loaded in another virtual world. 

EM [13] is built on top of MR [10] and uses MR's Peer 
package [11] for communication between virtual worlds. In 
EM virtual worlds are described using OML [6], an 
interpreted C-like programming language for describing 
object geometries and behaviors. EM uses replicated 
architecture (each virtual world has a complete copy of the 
object set described in OML) and peer-to-peer 
communication between virtual worlds. 

VR-DECK [5] allows multiple users to share a single 
simulation (or virtual world content). In VR-DECK, virtual 
worlds are created using a mixed object-oriented and event- 
based paradigm for defining system behavior. The modules 
(objects, operations, functions, and users) that make up a 
virtual world communicate with each other by producing 
and consuming events. Modules are defined at a high-level 
using rules written in C++ that determine how events are 
handled. 

SIMNET [3] uses an object- and event-based approach to 
distributed, interactive virtual worlds for battlefield 
simulation and training. In SIMNET, virtual worlds consist 
of objects that interact with each other by broadcasting a 
series of events. An object initiating an event does not 
calculate which other objects might be affected by it. It is 
the receiving object's responsibility to determine whether 
the event is of its interest or not. To minimize 
communication processing and bandwidth requirements, 
objects transmit only changes in their behavior. Until an 
update is received, the new position of a remote (or a 
network-based) object is extrapolated from the states last 
reported by those objects. 

NPSNET [9] uses as a subset of the DIS protocol for 
communication between virtual worlds. Early versions of 
NPSNET used the SIMNET protocol. DIS uses "remote 
entity approximation" rather than "dead reckoning" as used 
in SIMNET; dead reckoning uses constant velocity which 
has been found too limiting for modeling many types of 
military vehicles in NPSNET. Pratt et al. [8] discusses 
NPSNET's networking technology in detail. 

VERN [1] is based on the networking technology of 
SIMNET. A distinguishing feature of VERN is its extensible 
object-oriented class hierarchy which abstracts 
communication and process control to the highest levels of 
the hierarchy. 

DIVE [4] uses peer-to-peer communication to implement 
shared virtual worlds. A DIVE world consists of a set of 
objects to which DIVE processes can connect. DIVE 
processes connected to the same world are all identical in 
their content. If there are multiple DIVE worlds running on 
the network, a DIVE process can dynamically change 
worlds, but at any one time it can be a member of exactly 
one world. 

VEOS [2] is an extendable, user-level framework for 
prototyping distributed VR applications. It facilitates 
coarse-grained parallelism by using heavyweight sequential 
processes, similar to UNIX processes. The VEOS 
application programmer's interface is provided by XLISP. 

3.1      Relation to BrickNet 
BrickNet allows multiple clients to share object geometries 
and behaviors with one another through BrickNet servers. 
BrickNet clients (usually) differ in their content from each 
other. Clients connected to different BrickNet servers can 
share objects through their servers. 

Unlike VR-DECK, BrickNet does not force users to share a 
common object space, although such a scenario is possible 
to implement with BrickNet. Like VR-DECK, SIMNET, 
NPSNET and VERN all focus on supporting multi-user- 
same-content applications, although their software 
organization and communication mechanisms are different. 
In terms of object and behavior sharing, SIMNET behaviors 
are simpler but more continuous than BrickNet behaviors. 
This is the result of the different application focus of these 
systems: SIMNET is focussed at simulation-type 
applications whereas BrickNet is aimed at coarser-grained 
collaboration required in design or learning applications. 

EM implements many of the same concepts in object 
sharing implemented in BrickNet, albeit using replicated 
architecture and peer-to-peer communication. In EM, object 
geometry and behavior sharing is facilitated by OML. OML 
seems to provide the same kind of power and flexibility as 
provided in BrickNet, but one has to learn a new language. 
In BrickNet, the main programming language, Starship, is 
used for everything from object definition to computation to 
sharing. 

In DIVE, all processes (or clients) connected to a world (or 
server) are identical, but they can change their worlds 
dynamically. Once a process connects to a new world, it 
loses contact with its old world and switches its content 
completely to that of the new world. In BrickNet, clients 
cannot dynamically change their server, but they can share 
information across servers. 
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4.0     OVERVIEW OF BrickNet 
This section provides a brief overview of BrickNet. For an 
in-depth discussion of the BrickNet architecture, see [12]. 

The BrickNet toolkit provides a rich set of functionalities 
geared towards expediting the creation of network-based 
virtual worlds. It eliminates the need to learn about low 
level graphics, device handling and network programming. 
This is achieved by providing higher level support for 
graphical, behavioral and network modeling of virtual 
worlds. Instead of asking the developer to start from scratch, 
as is the case with most other toolkits, BrickNet provides a 
"virtual world shell" which is customized by populating it 
with objects of interest, by modifying its behavioral 
properties, and by specifying the objects' network behavior. 
This makes it possible for the developer to create network- 
based virtual worlds quickly and easily. 

BrickNet supports the layered architecture for network- 
based virtual worlds shown in Figure 3. A BrickNet server 
is designed to handle multiple clients in an asynchronous 
mode. A client executes autonomously and has a virtual 
world of its own. Client virtual worlds usually contain two 
types of objects: local and remote (or network-based). The 
local objects, as their names suggest, are local to the virtual 
world and not shared with other clients on the network. So 
the state and existence of such objects is not affected by the 
other clients on the network. Usually, local objects are used 
as background objects or as scratch objects. The network- 
based objects enable clients to share information with one 
another. Updates on the state of such an object are sent to all 
the clients who have the object and have expressed interest 
in updates on the object. In the rest of this section we will 
focus on network-based objects only. 

Interaction Support Layer 
C 
L 

VR Knowledge Layer I 
E 

Communication N 
T 

* 
Communication S 

E 
R Update Request Handler 

Object Management V 
E 

Client Management R 

Figure 3. Architecture of BrickNet Clients and Servers 

A server can be seen as an object request broker and a 
communication manager. As an object request broker, it 
enables objects to be maintained, managed, and used 
efficiently. A server also permits objects to be shared by 
multiple clients. It keeps track of client requests for objects 
and object updates, and services these requests when 

possible. As a communication manager, a BrickNet server 
keeps track of clients' status (active or passive), their 
addresses and port information, and manages the sending 
and receiving of packets of information. 

4.1 Client Layers 
The Interaction Support Layer is the user interface part of 
the virtual world. The user interacts with the virtual world 
through devices and interaction techniques that are part of 
this layer. For example, this layer decides how a virtual 
object is picked and moved. 

The VR Knowledge Layer manages objects that form the 
"content" of the virtual world. In a network-based virtual 
world, most of these objects are obtained from the server, 
and hence are network-based. The knowledge layer assumes 
that a person (the VR end-user) is moving and interacting 
within a world populated by solid objects that are governed 
by a set of physical and environmental laws. Each of these 
components is represented by a class which is 
interconnected to the other classes by means of semantic 
links such as is-part-of. Based on these classes, a VR 
application is constructed by first selecting the components 
of the world, assigning them behaviors, choosing a set of 
laws and then running the simulation loop. 

4.2 Server Layers 
The client management layer in the server is responsible for 
maintaining client-specific information. When a client is 
registered with the server, a new record for the client is 
created and managed by this layer. 

The object management layer keeps track of objects 
deposited by various clients and object access rights and 
updates. When a client makes a request for an object, this 
layer sends the object if access rights permit. 

The next layer, called the update request handler, manages 
clients' update requests. This layer ensures that clients have 
the correct permissions for updates. For example, if a client 
sends a position update for an object, this layer goes through 
the object database maintained by the object management 
layer and sends the update to other clients who may have 
expressed interest in such updates. 

The communication layer in BrickNet servers implements 
the communication protocol to receive messages from, and 
to send messages to, clients. 

5.0      SHARING OBJECT BEHAVIORS 
As noted earlier, BrickNet allows clients to not only share 
object geometries but object behaviors as well. The types of 
behaviors that can be shared among BrickNet clients include 
simple behaviors, environment dependent behaviors, 
reactive behaviors and capability-based behaviors. The 
following sections describe these behaviors and give 
examples of their use. 

Behavior sharing in BrickNet is implemented by 
transferring the Starship program code that implements 
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behaviors. When an object is transferred, not only its 
geometry but also methods generating its behavior are 
transferred. Since Starship is an interpretive language, our 
object behaviors can be as complex as needed. Because 
Starship is our main programming language, the 
programmer does not have to learn a new object or behavior 
language such as OML [6] in EM [13]. 

The structured organizational paradigm for virtual worlds in 
BrickNet combined with its interpreted nature is ideal for 
networking operation: every object in the VR Knowledge 
Layer (see Figure 3) can be transferred easily as Starship 
code to be interpreted at the receiving end. In this way, 
object structure and procedural behavior can be duplicated 
with minimal effort from station to station. 

This sharing can take advantage of the inheritance in 
BrickNet: behaviors can be shared either from the classes 
themselves (and thus becoming applicable to all existing 
and subsequent instances of that class), or from particular 
instances (and thus being applicable to that instance alone). 

BrickNet's object structure is key to sharing complex 
behaviors between and within objects. Hierarchies are 
constructed by means of 'cloning' procedures, which 
include both structure and behavior methods. Inverse 
kinematics are supported in a similar fashion, by 
encapsulating the structure of the closed loops relating the 
objects into a transferable method, and then invoking a 
resident generalized equation solver for run-time solution. 

In the following sections we will give examples of the 
different types of behaviors available in BrickNet. The 
behavior code will be placed in the animate method, 
which is called once per loop during the execution of the 
program. 

5.1      Simple Behaviors 
The simplest behavior that can be shared in BrickNet is 
based on repetitive, unconstrained changes. Simple 
behaviors are not synchronized between clients: once the 
object has been transferred to a receiving virtual world, 
there is no communication between the sender and the 
receiver. A slightly more complex type of behavior uses 
sequencing tables of position/orientation/size triplets which 
the object has to follow. Constrained animations of the type 
described in Section 2 (Sliding, Cylindrical, Ball, Socket, 
Universal, and Pin) are implemented procedurally. 

The following program example describes a Piston. The 
Piston is first instanced from soli de lass and then its 
geometry is created. In this particular example, the 
geometry is generated by executing code rather than by 
reading from a file. After that, a simple back and forth 
motion procedure is described within the animate method. 
In this simple example, the motion of the piston translates 
by a fixed amount every iteration (1 unit in the 'y' direction, 
between +10 and -10 unit boundaries). 

Notice that the procedural approach to geometry 
construction used in this example could in itself serve as an 
animation technique, although it is not used for that purpose 
here. 

(Piston SolidClass).proto { 

%% Create Piston geometry procedurally 

:geometry igeometry { 
% Add the Piston head 

+ (#geometry { 
:shape cylindrical; 
material (#material orange); 
scaleTo #vector[10 10 10]; 
translate #vector[20 -10 -20]; 

}); % geometry 
% Add the Piston handle 

+ (#geometry { 
:shape cylindrical; 
:material (»material yellow); 
scaleTo #vector[30 10 10]; 

});}; % geometry 

%% Translate Piston by 1 unit per iteration 

method animate declare 
[{arg self) 
self:upVector   ©vector[0 10]; 
self:downVector @vector[0 -1 0]; 
self:topLimit @vector[0 10 0]; 
self:lowLimit @vector[0 -10 0]; 
self.position > (self.topLimit) then [ 

self:jumpVector (self.downVector); 

] else [ 
self.position < (self.lowLimit) then [ 

self:jumpVector (self.upVector); 

]; 
]; % else 
self translateBy (self.jumpVector); 

]; % method animate 

};% PistonSolidClass proto 

5.2 Environment-Dependent Behaviors 
Environment-dependent behaviors take into account the 
clients' run-time environment: machine configuration, time 
of execution, etc. This class of behaviors changes object 
properties depending on attribute values encountered in the 
world they populate. 

The piston described in Section 5.1 is an example where 
environment dependent behaviors prove useful. In this 
example, the piston translates by a fixed amount (1 unit) 
every iteration. Here the piston speed is dependent on the 
frame rate of the client; for clients running at a high frame 
rate, the piston would appear to move faster than in clients 
running at a lower frame rate. To correct this undesired 
behavior, the client should figure out the amount of 
translation per iteration required in order to maintain an 
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equivalent playback speed to the originating virtual world. 
This can be achieved by either sending to the client the 
machine configuration of the origination world, or by 
encoding in the animate method the playback speed, instead 
of a fixed translation per iteration. The latter approach is 
described in the following example: 

%% Translate Piston 1 unit/sec; 
%% Client environment variable 
%% 'env.iterationRate' indicates performance 
%% of 10 frames per second 

method animate declare 
[{arg self} 
self:jumpRate 1; % lunit/second 
self.jumpRate = 

(self.jumpRate / env.Iterationrate); 
self.jumpVector = 

(@vector[0 10]/ self.jumpRate) ; 
self:upVector (self.jumpVector); 
self:downVector -(self.jumpVector); 
self:topLimit @vector[0 10 0]; 
self:lowLimit @vector[0 -10 0]; 
self.position > (self.topLimit) then [ 

self:jumpVector (self.downVector); 
] else [ 

self.position < (self.lowLimit) then [ 
self:jumpVector (self.upVector); 

]; 
]; % else 

self translateBy (self.jumpVector); 
]; % method animate 

This animation method computes the rate of translation of 
the Piston based on the current value of the iterationRate, 
which can vary with system load. 

A more complex example of an environment dependent 
behavior would be jumping of an object based on the 
elasticity of the walls in the receiving virtual world. 

5.3     Reactive Behaviors 
Reactive behaviors react to events generated by the user or 
other objects. Each object checks for the occurrence of 
events that have behavior functions associated with them. 
When such an event is detected, its associated behavior 
function is executed. Using this facility one could for 
example implement a behavior that shakes an object when 
the user touches it. 

method animate declare 
[{arg self} 

(self.position near 
self.world.person.hand.position) then [ 
self shake; 

]; 
]; 

5.4 Capability-Based Behaviors 
In BrickNet, it is possible to share behaviors whose 
execution depends on the receiving virtual world having a 
particular capability. For example, for a shared treasure box, 
the receiving virtual world must have the key that can open 
it to see what is inside the box. This kind of capability- 
based-behavior sharing can be used to implement 
semantically interesting scenarios. In one of our 
demonstrations, a robot needs two legs to start walking. As 
soon as both legs are attached to the robot, its walking 
behaviors becomes active. 

Checking for capabilities is implemented by using pre- 
conditions. Unless the pre-conditions for a behaviors are 
satisfied, the behavior cannot be executed. Behavior pre- 
conditions are coded in the Starship programming language 
and can be as complex as required. 

6.0      SYNCHRONIZING OBJECTS 
In simulation applications, there is often a need to 
synchronize object states among clients. BrickNet provides 
a finer grain of synchronization than most other systems. 
When a BrickNet client, who owns an object, wants to 
ensure that other clients who have leased out the object are 
synchronized with it, it sends a sync message to the server. 
The server in turn checks with each client who has leased 
out the object. These clients then send a sync- 
acknowledgment to the server. The server, after it has 
received acknowledgments from all relevant clients, sends a 
sync-confirm message to the requesting client. 

Object behaviors in BrickNet are synchronized by the client 
that controls the shared object sending a message that 
contains synchronizing information for the clients that have 
leased out the object. The receiving clients then use the 
information to change the state of object behavior. Using 
this strategy, it is possible to implement a variety of 
synchronization algorithms including dead-reckoning. Due 
to the fact that BrickNet behaviors can be as complex as 
desired (and not just position and velocity as in DIS), 
synchronized behaviors can be used to implement advanced 
simulations. 

7.0      DISCUSSION 
We have found BrickNet's structured organization of virtual 
worlds combined with its interpreted nature suitable for 
building a variety of networked virtual worlds. Objects in 
BrickNet's VR Knowledge Layer can be easily transferred 
as code to be interpreted at the receiving end. In this way, 
object geometry and behavior can be duplicated easily and 
rapidly from station to station resulting in powerful and 
flexible object sharing in networked virtual worlds. 
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BrickNet's approach to behavior sharing requires that all 
virtual worlds be able to execute the program code that gets 
transferred. It is possible to do away with this requirement 
by identifying a set of high-level behavior primitives 
(similar to animation messages used in [14]) and encoding 
shared behaviors in these primitives. Individual virtual 
worlds could then implement the identified set of behavior 
primitives in their programming language of choice. This 
approach provides more "portability" at the cost of both 
flexibility and power of behaviors that can be shared. By 
identifying a set of behavior primitives, we restrict the range 
of shared behaviors to the ones that can be coded in this set. 
The BrickNet approach on the other hand is more general 
and allows arbitrarily complex behaviors to be shared 
among virtual worlds. 

In addition to the collaborative, interactive learning system 
described in secrion 2, we have developed a location-based 
entertainment system and a collaborative design system 
using BrickNet. The range and power of shared object 
behaviors supported by BrickNet has made it possible for us 
to easily and rapidly implement these systems. 
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ABSTRACT 
This paper reviews several significant human factors issues 
that could stand in the way of virtual reality realizing its 
full potential. These issues involve maximizing human 
performance efficiency in virtual environments, 
minimizing health and safety issues, and circumventing 
potential social issues through proactive assessment. 
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INTRODUCTION 
Virtual reality (VR) technology will be used to advance 
many fields, including medicine, education, design, 
training, and entertainment. The reality is, however, a 
considerable amount of systematic research must be done 
before VR technology receives widespread use [10]. If VR 
systems are to be effective and well received by their users, 
researchers need to focus significant efforts on addressing 
a number of human factors issues [26]. This paper 
provides an overview of many of these human factors 
issues, including: human performance efficiency in virtual 
worlds; which is likely influenced by tasks characteristics, 
user characteristics, human sensory and motor physiology, 
multi-modal interaction, and the potential need for new 
design metaphors; health and safety issues, of which 
cybersickness may pose the most concern; and the social 
impact of the technology. 

HUMAN PERFORMANCE EFFICIENCY IN VIRTUAL 
WORLDS 
Computer speed and functionality, image processing, 
synthetic sound, and tracking mechanism have been joined 
together to provide realistic virtual worlds. A fundamental 
advance still required for virtual environments (VEs) to be 
effective is to determine how to maximize the efficiency of 
human task performance in virtual worlds. While it is 
difficult to gauge the importance of the various human 

factors issues requiring attention, it is clear that if humans 
cannot perform efficiently in virtual environments, then 
further pursuit of this technology may be fruitless. 
Focusing on understanding how humans can perform most 
effectively in VEs is thus of primary importance in 
advancing this technology. 

Human performance in VEs will likely be influenced by 
several factors, including: task characteristics; user 
characteristics; design constraints imposed by human 
sensory and motor physiology; integration issues with 
multi-modal interaction; and the potential need for new 
visual, auditory and haptic design metaphors uniquely 
suited to virtual environments. 

Task Characteristics 
One important aspect that will directly influence how 
effectively humans can function in virtual worlds is the 
nature of the tasks being performed. Some tasks may be 
uniquely suited to virtual representation, while others may 
not be effectively performed in such environments. It is 
important to determine the types of tasks for which VEs 
will be appropriate. In order to obtain this understanding 
the relationship between task characteristics and the 
corresponding virtual environment characteristics which 
effectively support their performance (e.g., stereoscopic 3D 
visualization, real-time interactivity, immersion, etc.) must 
be attained. 

While there is limited research on the types of task 
characteristics that are uniquely suited to human-virtual 
environment interaction (HVEI) (a notable exception is 
[29]), there is extensive literature on task characteristics in 
general. In order to identify tasks which are appropriate 
for virtual environment training, this body of knowledge 
on task characteristics must be explored and its relation to 
virtual task performance needs to be identified. For 
example, task characteristics which lend themselves to 
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perceptual understanding through three-dimensional 
visualization in a virtual world should be distinguished. 
Bennett, Toms, and Woods (1993) research supports the 
use of such 3D displays for tasks requiring information 
integration. On the other hand, focused attention tasks 
tend to be more effectively performed using 2D displays. 
Thus, displaying such tasks in 3D stereoscopic virtual 
worlds could potentially hinder performance. 

Task characteristics which are suitable for representation 
as displayable virtual objects which can be manipulated 
through perceptual and motor processes also need to be 
determined. For example, Sollenberger and Milgram 
(1993) found optimal path tracking performance when 
using a 3D, rotating, stereoscopic display. Texturing, the 
surface rendering available on virtual objects, has been 
found to be effective for representing additional data 
dimensions, such as emergent features. These relationships 
need to be further explored in order to clearly delineate the 
specific characteristics of virtual worlds which support and 
enhance task performance as compared to other 
visualization approaches such as real-time simulations, 
animations, and non-interactive three-dimensional 
visualizations. 

A taxonomy of virtual task characteristics would be 
instrumental in providing designers with a tool to guide 
and direct their design efforts in order to maximize human 
performance. Such a tool would classify tasks according to 
the types of information displays (e.g., 2D, 3D 
stereoscopic, point, line, angle, area, volume, etc.) and 
interactions (e.g., passive, enactive, interactive) which 
maximize human-performance efficiency in virtual worlds. 
The influences of user characteristics (e.g., high versus 
low spatial individuals) would also need to be considered. 
Such a taxonomy could assist in guiding VE designers by 
imposing order [23] on the complex interactions between 
user, task, and system phenomena. 

User Characteristics 
An important aspect influencing human VE performance 
is the affect of user differences. Significant individual 
performance differences have already been noted in early 
studies [13]. User characteristics that significantly 
influence VR experiences need to be identified in order to 
design VR systems that accommodate the unique needs of 
users. In order to determine which user characteristics are 
influential in VEs one can examine studies in human- 
computer interaction (HCI). In HCI one of the primary 
user characteristics which interface designers adapt to is 
level of experience. Experience level influences the skills 
of the user, the abilities which predict performance, and 
the manner in which users understand and organize task 
information [6]. In examining the influences of experience 

on HVEI, one could thus predict that experience would 
influence the skill with which users interact with the VE 
and the manner in which users mentally represent a virtual 
environment over time. The implication being that 
designers must design the VE interface to be appropriate 
for the level of expertise of the target user population. 
Understanding what is an "appropriate" VE interface for 
novices versus experts is a challenge. 

Technical aptitudes (e.g., spatial visualization, orientation, 
spatial memory, spatial scanning) are generally significant 
in predicting HCI performance [6]. These studies indicate 
that individuals who score low on spatial memory tests 
generally have longer mean execution times and more first 
try errors. These studies also suggest that the difficulties 
experienced by low spatial individuals are particularly 
related to system navigation issues ~ users often report 
being "lost" within hierarchical menu systems [21]. These 
findings are particularly relevant to VEs which may often 
place a high demand on navigation skills. In fact, users 
are already known to become lost in virtual worlds [18]. 
The issue is thus how to assist low spatial users with 
maintaining spatial orientation within virtual worlds. New 
design metaphors could potentially be developed to assist 
with this issue. 

Other aptitudes, such as verbal and motor ability, and 
traits, such as personality, that have not been found to 
consistently predict human computer performance [6], may 
become more influential during HVEI. Particularly with 
the emphasis on audio and haptic interaction modes in 
VEs [10, 14], it is essential that human factors analysis be 
devoted to understanding the influences of these other 
aptitudes on HVEI. 

Design Constraints Imposed by Human Sensory and 
Motor Physiology 
In order for designers to be able to maximize human 
efficiency in VEs it is essential to obtain an understanding 
of design constraints imposed by human sensory and motor 
physiology. Without a foundation of knowledge in these 
areas there is a chance that the multi-modal interactions 
provided by VE systems will not be compatible with their 
users. Such design incompatibilities could place artificial 
limits on human VE performance. VE design 
requirements and constraints aimed at maximizing human 
VE performance should thus be developed by taking into 
consideration the abilities and limitations of humans [10]. 
The physiological and perceptual issues which directly 
impact the design of multi-modal VEs, include: visual 
perception, auditory perception, and haptic perception. 

Visual Perception. The design of visual presentations for 
VEs is complicated because the human visual system is 
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very sensitive to any anomalies in perceived imagery, 
especially in motion scenes [14]. During virtual motion 
scenes, minute, nearly imperceptible scene anomalies 
become dreadfully apparent because of the unnatural 
appearance of visual flow field cues [10]. In order to avoid 
this issue, more research is needed to develop guidelines 
that assist designers in fabricating approximate optical 
flow patterns. In general, human visual perception needs 
to be better understood in order to ensure that the most 
effective visual scenes are developed for virtual worlds. 

It is also important to determine what a viewer can see in a 
VE, that is to determine the viewer's visual field when 
wearing a Head Mounted Display (HMD). In order to 
determine exactly what individuals can see in HMDs, 
visual field graphical dimensions must be overlaid onto 
obscuration plots imposed by HMDs. HMDs substantially 
reduce the field of view (FOV) of a user, thus obscuring 
the perception of motion in the peripheral vision. Current 
systems are generally limited to a FOV of 70 degrees per 
eye and do not provide peripheral vision [14]. Kalawsky 
(1993) has suggested, but not yet proven, that many virtual 
tasks will require FOVs of 100 degrees or more in order to 
achieve immersive environments. These suggestions 
needed to be further studied in order to determine what 
FOV is required to perform different kinds of virtual tasks 
effectively. Then the extent to which FOVs need to be 
enlarged can be specified. 

Auditory Perception. In order to synthesize a realistic 
auditory environment it is important to obtain a better 
understanding of how the ears receive sound, particularly 
focusing on 3-D audio localization. Although it is known 
that audio localization is primarily determined by intensity 
differences and temporal or phase differences between 
signals at the ears, such localization is affected by the 
presence of other sounds and the direction from which 
these sounds originate [10]. In addition, while auditory 
localization is understood in the horizontal plane (left to 
right), localization in the median plane (intersection 
between front and back) and discrimination of sounds from 
front to back are not well understood. Thus, much work is 
needed in order to effectively synthesize 3D auditory 
environments. 

In order to study 3-D audio localization, binaural 
localization cues received by the ears can be represented by 
a Head Related Transfer Function (HRTF), phase 
differences, and overtones [5]. The HRTF represents the 
manner in which sound sources change as a listener moves 
his/her head and can be specified with knowledge of the 
source position and the position and orientation of the 
head. Personalized HRTFs may need to be developed 
because these functions are dependent on the physiological 

makeup of each individual listener's ear. Ideally, a more 
generalized HRTF could be designed that would be 
applicable to a multitude of users. 

Haptic Perception. A haptic sensation (i.e., touch) is a 
mechanical contact with the skin [10]. Three mechanical 
stimuli produce the sensation of touch: a displacement of 
the skin over an extended period of time; a transitory (few 
millisecond) displacement of the skin; and a transitory 
displacement of the skin which is repeated at a constant or 
variable frequency. Even with this understanding of global 
mechanisms, however, the attributes of the skin are 
difficult to characterize in a quantitative fashion. This is 
due to the fact that the skin has variable thresholds for 
touch (vibrotactile thresholds) and can perform complex 
spatial and temporal summations which are all a function 
of the type and position of the mechanical stimuli. So as 
the stimulus changes so does the sensation of touch, thus 
creating a challenge for those attempting to model 
synthetic haptic feedback. 

Another haptic issue is that the sensations of the skin adapt 
with exposure to a stimuli. More specifically, the effect of 
a sensation decreases in sensitivity to a continued stimulus, 
may disappear completely even though the stimulus is still 
present,    and    varies    by    receptor    type. Surface 
characteristics of the stimulus (e.g., hard, soft, textured) 
also influence the sensation of touch. 

In order to communicate the sensation of synthetic remote 
touch it is thus essential to have an understanding of: the 
mechanical stimuli which produce the sensation of touch; 
the vibrotactile thresholds; the effect of a sensation; the 
dynamic range of the touch receptors; and the adaptation 
of these receptors to certain types of stimuli. The human 
haptic system needs to be more fully characterized, 
potentially through a computational model of the physical 
properties of the skin, in order to generate synthesized 
haptic responses. 

Integration Issues with Multi-Modal Interaction 
While developers are focusing on synthesizing effective 
visual, auditory, and haptic representations in virtual 
worlds, it is also important to determine how to effectively 
integrate this multi-modal interaction. One of the aspects 
that makes VEs unique from other interactive technologies 
is its ability to present the user with multiple inputs and 
outputs. This multi-modal interaction may be a primary 
factor that leads to enhanced human performance for 
certain tasks presented in virtual worlds. Early studies 
have already indicated that sensorial redundancy can 
enhance human performance in virtual worlds [16]. There 
is currently, however, a limited understanding on how to 
effectively provide such sensorial parallelism [3].   When 
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sensorial redundancy is provided to users it is essential to 
consider the design of the integration of these multiple 
sources of feedback. One means of addressing this 
integration issue is to consider (1) the coordination 
between sensing and user command and (2) the 
transposition of senses in the feedback loop. 

Command coordination considers the user input as 
primarily mono-modal (e.g., through gesture or voice) and 
feedback to the user as multi-modal (i.e., any combination 
of visual, auditory, and/or haptic). There is limited 
understanding on such issues as (1) is there any need for 
redundant user input (e.g., voice and direct manipulation 
used to activate the same action); (2) can users effectively 
handle parallel input (e.g., select an object with a mouse 
at the same time as directing a search via voice input); 
and (3) for which tasks is voice input most appropriate, 
gesture most appropriate, and direct manipulation most 
appropriate. 

Sensorial transposition occurs when a user receives 
feedback through other senses than those expected. This 
may occur because a VE designer's command coordination 
scheme has substituted unavailable system sensory 
feedback (e.g., force feedback) with other modes of 
feedback (e.g., visual or auditory). Such substitution has 
been found to be feasible (e.g., Massimino and Sheridan 
(1993) successfully substituted vibrotacticle and auditory 
feedback for force feedback in a peg-in-hole task). VE 
designers thus need to establish the most effective sensorial 
transposition schemes for their virtual tasks. The design 
of these substitutions schemes should be consistent 
throughout the virtual world to avoid sensorial confusion. 

Virtual Environment Design Metaphors 
It is known that well-designed metaphors can assist novice 
users in effectively performing tasks in human-computer 
interaction [4]. Thus, designing effective VE metaphors 
could similarly enhance human performance in virtual 
worlds. Such metaphors may also be a means of assisting 
in the integration of multi-modal interaction. For 
example, affordances may be designed that assist users in 
interacting with the virtual world much as they would 
interact with the multi-modal real world. Unfortunately, at 
the present time many human-VE interface designers are 
using old metaphors (e.g., windows, toolbars), that may be 
inappropriate for HVEI. 

Oren (1990) suggested that every new technology goes 
through an initial incunabular stage, where old forms 
continue to exist which may not be uniquely suited to the 
new medium. Currently, virtual technology appears to be 
in such a stage. For example, many users of virtual 
environments don their high tech helmet and gloves and 

enter the virtual world only to find floating menus 
awaiting them! Virtual environments are in need of new 
design metaphors uniquely suited to their characteristics 
and requirements. 

McDowall (1994) has suggested that the design of 
interface metaphors may prove to be the most challenging 
area in VE development. VR sliders (3D equivalents of 
scroll bars), map cubes (3D maps which show space in a 
viewer's vicinity), and tow planes (where a viewer's 
navigation is tied to a virtual object which tows him/her 
about the VE) are all being investigated as potential visual 
metaphors for virtual environments. 

Beyond the need for new visual metaphors, VEs may also 
need auditory metaphors which provide a means of 
effectively presenting auditory information to users. 
Cohen (1992) has provided some insight into potential 
auditory metaphors through the development of 
"multidimensional audio windows" or MAW. MAW 
provides a conceptual model for organizing and 
controlling sound within traditional window-icon-menu- 
pointing device (WTMP) interfaces. In addition, Hahn, 
Gritz, Darken, Geigel, and Won Lee (1993) have 
developed the concept of 'timbre trees' which are general 
representations of sound. Hahn et al. (1993) suggest that 
timbre trees can be used as a construction methodology for 
representing any new synthetic sound. 

Metaphors for haptic interaction may also be required. 
Limited work has been done in this area to date and no 
noted haptic metaphors have been presented. 

HEALTH AND SAFETY ISSUES IN VIRTUAL 
ENVIRONMENTS 
Maximizing human performance in VEs is essential to the 
success of this technology. Of equal importance is 
ensuring the health and welfare of users who interact with 
these environments. If the human element in these 
systems is ignored or minimized it could result in 
discomfort, harm, or even injury. It is essential that VE 
developers ensure that advances in VE technology do not 
come at the cost of human well being. 

There are several health and safety issues which may affect 
users of VEs. These issues include both direct and indirect 
affects [27]. The direct effects can be looked at from a 
microscopic level (e.g., individual tissue) or a macroscopic 
level (e.g., trauma). The indirect effects are primarily 
psychological. 

There are several microscopic direct effects which could 
affect the tissues of VE users. The eyes, which will be 
closely coupled to HMDs or other visual displays used in 
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VEs, have the potential of being harmed. The central 
nervous system (CNS) could be affected by the emfs of VE 
systems. 

Some individuals are susceptible to "flicker vertigo" - 
when they are exposed to flickering lights (usually in the 
range of 8 to 12 Hz) they experience a seizure. VE 
displays flickering at this rate could lead to a seizure in a 
few users, even in some unaware that they have the 
condition. 

Phobic effects may result from VE use, such as 
claustrophobia (e.g., HMD enclosure) and anxiety (e.g., 
falling off a cliff in a virtual world). Viirre (1994) 
suggests, but has yet to prove, that no long term phobic 
effects should result from HVEI, except potential 
avoidance of VE exposure. 

The auditory system and inner ear could be adversely 
affected by VE exposure to high volume audio (e.g., the 
"Walkman" effect). One of the possible affects of such 
exposure is noise induced hearing loss. Prolonged 
repetitive VE movements could also cause overuse injuries 
to the body (e.g., carpal tunnel syndrome, tenosynovitis, 
epicondylitis). The head, neck and spine could be harmed 
by the weight or position of HMDs [10, 27]. 

Limited or eliminated vision of natural surroundings when 
wearing HMDs could lead to falls or trips that result in 
bumps and bruises. Sound cues may distract users causing 
them to fall while viewing virtual scenes. Imbalance of 
body position may occur due to the weight of VE 
equipment or tethers that link equipment to computers 
causing users to fall [26, 27]. Obstacles in the real world, 
that may not be visible in the virtual world, could pose a 
threat to the safety of users. If haptic feedback systems fail 
a user might be accidentally pinched, pulled or otherwise 
harmed. Another direct macroscopic effect that could 
prevent VR from realizing its full potential is that many 
users of VEs experience motion sickness (i.e., 
cybersickness). Such sickness may prevent users from 
seeking further VE interactions. 

The use of VEs may produce disturbing after-effects, such 
as head spinning and delayed onset of sickness. Delayed 
effects from virtual experiences must be investigated in 
order to ensure the safety of users once interaction with a 
virtual world concludes. 

If a system fails, the sudden disruption of "presence" may 
cause disorientation, discomfort, and/or harm. Finally, 
psychological or emotional well-being could be negatively 
influenced by VE interaction (e.g., addiction, transfer- of- 
training from violent VEs).   All of these health and safety 

issues must be addressed in order to ensure the well being 
of users interacting with virtual worlds. 

Cybersickness 
One of the most important health and safety issues that 
may influence the advancement of VE technology is 
cybersickness. Cybersickness (CS) is a form of motion 
sickness that occurs as a result of exposure to VEs. 
Cybersickness poses a serious threat to the usability of VE 
systems. Users of VE systems generally experience various 
levels of sickness ranging from headaches to severe nausea 
[10]. Although there are many suggestions about the 
causes of motion sickness, to date there are no definitive 
theories of cybersickness. Research needs to be done in 
order to identify the specific causes of CS and their inter- 
relationships in order to develop methods which alleviate 
this malady. If CS is not adequately addressed, many 
individuals may avert VE experiences in order to avoid 
becoming sick. 

Motion sickness is considered to be the product of a cue 
conflict acting upon the visual and/or vestibular systems 
[9]. The user's body perceives this conflict as a poison and 
attempts to remove this "poison" by making itself sick 
[19]. Motion sickness may manifest itself in the form of 
headaches, blurred vision, salivation, burping, eye strain, 
dizziness, vertigo, disorientation, or even severe vomiting. 
It has been shown that between 10 to 60% of users 
demonstrate some form of simulator sickness [12]. For 
those who do become sick, research has shown that CS 
may prevent a person from wanting to reenter a virtual 
world [1]. Currently, however, system developers cannot 
prevent such sickness from occurring because the exact 
causes of motion sickness are not well defined. 

While it is known that users adapt to VE experiences and 
become less sick over time [8], the first impressions of 
users may influence their attitudes towards this technology. 
If users become very ill during their initial experience, they 
may avoid future VE interactions. Relying on adaptation 
alone as a remedy for CS may thus not prove effective. 

There have been several studies focused on understanding 
the factors that may contribute to motion sickness (e.g., 
vection, lag, field of view, etc.), yet no general theory of 
motion sickness has resulted from this research. In fact, 
contradictory evidence among the existing studies leads to 
skepticism about the actual impact of each of these factors. 
The reason for these contradictions may be due to the fact 
that in some of these studies users were in control of their 
moment about the simulated world, while in others they 
were confined to a predestined course. Control may 
provide users with a means of adapting to or 
accommodating  cue  conflicts  by building  conditioned 
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expectations through repeated interactions with a virtual 
world (e.g., when a user's head turns the user learns to 
expect the world to follow milliseconds behind). Lack of 
control would not allow such expectations to be established 
since users would not be aware of which way they were 
turning at any particular moment (i.e., the course would 
be determined by the system). Thus, without control, users 
would not be expected to adapt to cue conflicts. User 
control in conjunction with adaptation may provide a 
means of minimizing the influences of cybersickness. 

Research on CS needs to be conducted in order to fully 
specify the relationships between control, adaptation, and 
CS. Control also needs to be tested against varying 
degrees of other factors to see what level of freedom is 
necessary to potentially negate their affects. The research 
should focus on developing a general theory of CS which 
would allow for the prediction of the combinations of 
factors which would be disruptive and lead to CS; those 
which would be easy or hard to adapt to; and the 
relationship of these levels of adaptation to the level of 
user control. Such a theory would provide VE developers 
with the knowledge necessary to minimize the adverse 
effects of VE interaction. 

THE SOCIAL IMPACT OF VIRTUAL TECHNOLOGY 
While researchers are often concerned about human 
performance and health and safety issues when developing 
a new technology, an often times neglected effect of new 
technologies is their potential social impact. Virtual 
reality is a technology, which like its ancestors (e.g., 
television, computers, video games) has the potential for 
negative social implications through misuse and abuse 
[11]. Its higher level of user interaction may even pose a 
greater threat than past technologies. Through a careful 
analysis, some of the problems of VEs may be anticipated 
and perhaps prevented. A proactive, rather than reactive, 
approach may allow researchers to identify and address 
potentially harmful side-effects related to the use of VE 
technology. Such an approach requires that researchers 
and developers prioritize social issues early on in VE 
development, rather than taking a wait-and-see attitude. 
Most VR conferences have yet to even recognize and 
address that social issues may exist. 

Currently the potential negative social influences resulting 
from VE exposure are not well understood. There are 
many open issues [11, 22, 25, 28], such as: What will be 
the psychological and character effects of VE use? How 
will interaction in the virtual world modify behavior? 
What will the 'transfer of training' be for violent virtual 
interactions? Will individuals transfer violent virtual 
experiences to the real world? Will people turn their backs 
on  the  real  world  and  become  "contented  zombies" 

wandering around synthetic worlds which fulfill their 
whims but disregard their growth as a human being? Will 
VR users experience traumatic physical or psychological 
consequences due to a virtual interaction? Will people 
avoid reality and real social encounters with peers and 
become addicted to escapism? Is continual exposure to 
violent virtual worlds similar to military training, which 
through continued exposure may desensitize individuals to 
the acts of killing and maiming? Could the behaviors of 
soldiers after intense military training events provide an 
indication of the influences of intense violent VE 
interactions? How will VE influence young children who 
are particularly liable to psychological and moral 
influence? Does VE raise issues which are genuinely 
novel over past media due to the salience of the experience 
and the active interaction of the user? These issues need to 
be proactively explored in order to circumvent negative 
social consequences from HVEI. 

CONCLUSIONS 
This paper has presented many of the human factors issues 
which must be addressed in order for VR technology to 
reach its full potential without inflicting harm along the 
way. VR technology promises to permeate both 
professional and personal aspects of our lives. If this 
influx is to be a positive influence rather than a forceful 
intrusion, it is essential that each of these human factors 
issues receive significant systematic research. 
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Abstract 

As we move our heads and bodies, and travel through our real world, the human organs of equilibrium (the 
vestibular system) integrate the informationfrom the visual andproprioceptive systems and compare them. A useful 
analogue is the fire control system for a gun mounted on a moving vehicle such as a battleship. It is our opinion 
that many virtual reality (VR) systems, like many ground based flight simulators, alter the natural correspondences 
between these sensory inputs and when the exposure to the VR environment is protracted, the sensory systems are 
recalibrated to accommodate the new relationships. These recalibrations, when they involve the vestibular system, 
can result in balance disturbances, and these latter can outlast the period that an individual remains under the 
control of the person or entity that exposed that individual to the VR system. If a person should trip when leaving 
the building, or later when driving home, safety could be compromised and products liability could be incurred. 
We review our experiences with balance disturbances in flight trainers and describe recent findings with an 
automated postural equilibrium assessment system which can be employed before and after exposure in order to 
certify that no observable changes are evident in a subject or user. 

INTRODUCTION 

Under ordinary circumstances, as we move our 
heads and bodies, and travel through our real world, 
the human organs of equilibrium (the vestibular 
system) integrate the information from the visual and 
proprioceptive systems and compare them. A useful 
analogue is the fire control system for a gun mounted 
on a moving vehicle such as a battleship. Figure 1 
shows an example of just such a system, and the 
various human systems and their analogues (central 
nervous system = computer; rangefmder and 
elevation = vision; stable element = vestibular 
system; etc.) can be clearly seen. Usually, within 
tolerances, the visual and inertial forces are 
concurrent, and predictions of physical reality can be 
made from correlations of these sensory inputs. 
Occasionally, one or more of these systems go out of 
correlation such as when mirrors are used (which 
reverses the correlation) or vestibular signals of 
motion are not corroborated by the visual scene, as 
happens below deck on a moving ship. When this 
occurs, under the "right" circumstances, individuals 
can encounter symptoms of motion sickness. 

Experience over the past twenty years with 
ground based flight trainers has presented a 
complication called simulator sickness, a form of 
motion sickness characterized by symptoms such as 
nausea, sweating, dizziness, headache, eyestrain, and 
balance disturbances. It was advertised by early 
developers of these systems that as these simulators 
became more compellingly realistic, and fidelity was 
improved, sickness incidence would be reduced; this 
has not happened. 

Figure 1.     Diagram of a sea going fire control 
system.  Analogue to the human control systems (4). 
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Nearly every developer of emerging technology 
virtual reality systems has experienced similar 
symptoms with their devices. Usually, one or more 
members of a development team is more prone to 
sickness than another. This individual is usually 
spared the more severe exposures, although with time 
and experience with a particular system's dynamics 
and visuals, the member may become adapted to that 
system. 

We believe these experiences and those of the 
military pilot simulator community vastly 
underestimate the problem. Moreover, one of the 
symptoms that is experienced AFTER leaving the 
simulator is an assortment of balance disturbances, 
disorientation, dizziness and vertigo. Recent findings 
imply that the same kinds of problems are about to be 
encountered in the usage of virtual reality systems. 
Indeed, if they are more visually elaborate, but do 
not convey sufficient vestibular and proprioceptive 
cuing, and entail longer exposures, it is likely that 
balance disturbances will occur in VR systems to a 
greater extent. Since these problems can outlast the 
period of time an individual spends in the building 
where the system is housed, and since balance 
disturbances can relate to navigation errors (viz., 
going in the wrong direction or falling), we have 
been looking at postural disturbances in simulators 
and some virtual reality systems. Beginning with a 
floor-based test battery, easily accomplished by lay 
individuals with minimal training, and recently using 
a video-based automatic data acquisition system of 
head position, we have collected a moderate data base 
of post effects in connection with several different 
virtual reality and flight simulator systems (2). We 
found that in general, longer hops, off-axis viewing, 
moving-bases, and domes are the most disruptive of 
walking and standing steadiness. However, in many 
cases, we found that performance improved over 
pre/post testing and many of these differences were 
only statistically significant when postural changes 
were compared to a control group. 

Method 

In order to develop a more sensitive measure, 
we developed a video-based test of postural 
equilibrium. This device (described more completely 
elsewhere - (3) makes use of a video record of head 
position, a framegrabber, a reticle, and a computer as 
shown in figure 2 and 3. The subject assumes a 
heel-to-toe standing position with eyes closed and 
arms folded. The subject is asked to stand for 30 
seconds (or until the subject falls) and velocity is 
recorded in z and y (cf., figure 4) and size change of 
the reticle is used to index movement in x.   These 

data are then automatically scored using a program 
developed by us, and the data are placed into a 
statistical package for analysis (cf., figure 5). 

Figure 2.   Schematic showing subject, reticle 
and video camera recording set-up 

ES 

Figure 3.   Schematic showing data analytic set-up. 

Figure 4.   Vestibular nomenclature for cardinal axes 
and planes for human recording (1). 
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Figure 5. Flowchart for Video Posture Data Analysis 

To date we have studied several different groups 
of subjects employing two different helicopter 
simulators and also graded dosages of alcohol. We 
have also studied a control group of college students. 
The first simulator device (Simulator #1) located at 
the Mayport, Florida Naval Station was an SH-60B. 
The visual displays were generated by a "Vital IV" 
calligraphic dusk/night computer image generator 
(CIG). The visual was a 6-window, 6 channel, 
folded on-axis virtual-image CRT with approximately 
a 130 degree (H) x 30 degree (V) field-of-view. 
Motion was generated with a 6-degree-of-freedom 
motion-base system. Visual displays were presented 
on the pilots' forward and side window and the 
copilots'    forward    window. Limited    visual 
information was presented on both chin or bubble 
windows. 

The HH-60J simulator device (Simulator #2) at 
USCG station, Mobile, Alabama is an Operational 
Flight Trainer (OFT) with a 6-degree-of-freedom 
hydraulic motion platform. The visual displays were 
also generated by the "Vital IV". The visual 
hardware is a Wide Field of View (WOF) projection 
dome. The visual scene is focused and aligned 
primarily for the pilots' viewing perspective, but the 
scene content is accessible by all parties in the 
confines of the device compartment. The distance 
from the pilots' eyes to the visual scene plane is 
approximately 10 feet at the center of the dome. 

Results 

Stability 

1. Six pilots in simulator #1 were tested twice 
before, during, and after four flight simulator 
hops distributed over a 14 day period. The 
pretest scores for these subjects were averaged 
over the four flights and no improvement between 
sessions in posture performance was shown over 
four pairs of trials which implies that this test 
exhibits minimal practice effects. This result was 
expected and is certainly reasonable since the 
task, heel-to-toe, standing, involves movements 
and positions well practiced by humans. 

2. There were no mean differences between the two 
pilot groups (p > .4) from simulators #'s 1 & 2 
and the difference between pilots and the college 
students was barely significant (p = .04) and due 
entirely to the differences between males and 
females (p < .01) in the college population 
where males' balance scores showed less sway. 

3. To examine within session learning effects, 
performances on trial one were compared to trial 
two for all subjects. It appeared again that mean 
scores did not improve from trial one to trial two 
(p > .5) and they were averaged. The retest 
reliability from trial one to trial two for 22 
subjects was statistically significant (p < .001) 
and metrically acceptable (r = .69). 

Validity: 

4. The pilots in simulator #1 showed differences 
between pre/post performance depending on 
whether the flight was long or short. It was seen 
that reductions of 20 % were found with longer 
hops, but no change or slight improvement (< 
10%) was found with shorter flights. 

5. Post/Pre changes in posture performance in flight 
simulator #2 showed that the pilots using the 
co-pilot seat, which was slightly (20°) offset from 
the pilot's design eye position, exhibited 
considerable disequilibrium (60 % loss). The pilot 
showed only a 10% loss when exiting the flight 
simulator. These differences (in 8 subjects) were 
significant (p < .05). 

6. In the third experiment, graded dosages of 
alcohol were administered to 10 subjects while 
their postural performances were obtained. These 
data were regressed within subjects and had an 
average correspondence of posture to ETOH 
concentration of r = .70. 
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Then taking the subjects' raw posture scores as 
data points, we calibrated a predicted ETOH score 
for each subject at the .025, .050, .075, and .100 
BAC levels. These predicted scores were averaged 
to form a group alcohol regression line which takes 
the form of:      Blood alcohol concentration 

(y) = the raw posture score 
x .0079 - .0121 

This regression line is shown in figure 6. 
We then used the regression line of figure 6 to 

index the changes we saw from pre and post testing 
in the on-axis and off-axis subjects referred to in item 
5 above. As shown in figure 7, it was found that 
both groups of pilots had an "equivalent" BAC level 
of <.025 BAC when they entered the flight 
simulator. But, when they emerged from the 
simulator the pilots had an equivalent alcohol level of 
.035 BAC, and the co-pilots of .052 BAC. The latter 
is what the literature on alcohol intoxication research 
indicates is a post with which behavioral effects begin 
to become measureable, and in the present case is 
illustrative of the methodology as well as suggestive 
of potential difficulties from such simulator 
exposures. One might therefore use these data to 
advise individuals regarding restrictions on these 
subsequent activities, if any. 

Using these values, it should be possible in future 
applications to index change in posture performance 
(for whatever causes) to an equivalent blood alcohol 
concentration. Future work should evaluate persons 
exposed to virtual reality devices and thus relate the 
size of the changes to a blood alcohol concentration. 

We believe that video based analysis of stance 
and gait has considerable utility for certification of 
changes due to VR and simulator exposure. 
Components of the proposed system that we have 
selected are readily available "off the shelf" on the 
open market, and are acquirable without excessive 
delay. The reliability of the system is defined by the 
reliability of the components (the camcorder and the 
computer), as well as the reliabilty of the human 
response system of the "head kinematics control 
system". Because these hardware components are so 
ubiquitous, costs for components and their 
maintenance are small. Costs for test administration 
are also very low. It would involve setting up a 
tripod and video recorder and the cost of video tape. 
Scoring and interpretation could be implemented 
using a computer program on a personal, perhaps a 
portable, computer which is fitted with a 
framegrabber and a VCR. In future work we plan to 
have the system capable of operating on internal 
battery power from within the camcorder and 
portable computer. The system should be adaptable 
to emerging technological advances in videotaping, 

framegrabbing, personal, and workstation computers. 
These technologies driven by the market are the 
fastest developing of any of those available. In other 
words, "real time" analyses are possible. Video 
cameras, video recorders, and portable computers are 
already used in flight, at sea, and in microgravity. 
We predict these strengths will make the selected 
design superior to all others where portability, price, 
and ease of use are important. 

If VR-induced postural instability is more than 
occasional, it has direct implications for safety 
whether in connection with vehicles operated after 
exposure (e.g., cars, aircraft) or other activities (e.g., 
roof repair, mountain climbing). Virtual reality 
systems, which use helmet-mounted displays, we 
believe are particularly vulnerable since they employ 
wraparound displays which can be expected to 
occasion similar problems. Greater usage in the 
future of such systems is expected in the private 
sector, and it can be anticipated that such aftereffects 
could present considerable medical and safety 
problems. 

Avwag« Hesd Movwnant Velocity for 
Different Blood Alcohol Concentration« (BAC) 

9 i» 

Figure 6.     Average head movement velicity for 
different blood alcohol concentrations. 

Dose Equivalent Blood Alcohol 
Concentrations for Posture Changes 

Poaturs/Sway Velocky 

Figure    7. Dose    equivalent    blood    alcohol 
concentration for posture changes 
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ABSTRACT 
Cognitive maps are mental models of the relative locations 
and attributes of phenomena in spatial environments. 
Understanding how people form cognitive maps of virtual 
environments is vital to effective virtual world design. 
Unfortunately, such an understanding is hampered by the 
difficulty of cognitive map measurement. The present study 
tests the validity of using sketch maps to examine aspects 
of virtual world cognitive maps. We predict that subjects 
who report feeling oriented within the virtual world will 
produce better sketch maps and so sketch map accuracy can 
be used as an external measure of subject orientation and 
world knowledge. Results show a high positive correlation 
between subjective ratings of orientation, world knowledge 
and sketch map accuracy, supporting our hypothesis that 
sketch maps provide a valid measure of internal cognitive 
maps of virtual environments. Results across different 
worlds also suggest that sketch maps can be used to find an 
absolute measure for goodness of world design. 

KEYWORDS Cognitive Mapping, Virtual Environments, 
Sketch Maps, Mental Models. 

INTRODUCTION 
Whether in real or virtual space we form cognitive maps to 
deal with and process the information contained in the 
surrounding environment. Cognitive mapping is formally 
defined by Downs and Stea [6] as: 

"..a process composed of a series of psychological 
transformations by which an individual acquires, codes, 
stores, recalls, and decodes information about the relative 
locations and attributes of phenomena in their everyday 
spatial environment." 

An individual's cognitive map is an active information 
seeking structure of which spatial imagery is but one aspect 
[14]. Cognitive maps are also made up of memories of 
objects and kinesthetic, visual and auditory cues [8]. 

The fundamental importance of an effective cognitive map 
is that it allows two questions to be answered quickly and 
efficiently: Where is that? How do I get to there from here? 
Thus human spatial behavior relies upon and is determined 
by the individual's cognitive map of the surrounding 
environment.      In   addition,   the   perception   of  the 

environment itself is always guided by some sort of 
cognitive map, so an inaccurate or incomplete cognitive 
map leads to disorientation and confusion[14]. 

Designing virtual worlds through which subjects can 
navigate and orientate themselves successfully requires an 
understanding of cognitive map formation in virtual 
environments. Considerable research which might be 
brought to bear on this topic has been conducted on the 
development of cognitive maps and how they affect real 
world behavior. 

In exploring how people formed mental images of a city 
Briggs[4] has identified three complementary ways in which 
cognitive maps are created: 

• Through an individual's sensory modalities. 
• From symbolic representations such as maps. 
• From ideas about the environment which are inferred 

from experiences in other similar spatial locations. 

Of these, an individual's sensory modalities provide direct 
sources of information and are more effective in cognitive 
map formation than indirect sources[6]. 

Cognitive maps are created as the result of active and 
passive modes of information processing [14]. Generally, 
active information processing gives the greatest meaning to 
the information processed and produces more information 
for the moving perceiver. Thus the information produced by 
locomotion is fundamental to an individual's spatial 
orientation. 

An individual's cognition of the environment is not only a 
function of the behavior by which information is obtained 
but also depends on the characteristics of the environment 
[4]. The amount of information gained by each sensory 
modality is also environmentally dependent [16]. 

Aside from the way cognitive maps are formed, the types of 
information stored in a cognitive map are also of interest. 
KuipersflO] suggests that a cognitive map consists of five 
different types of information, each with it's own 
representation: Topological, Metric, Route Descriptions, 
Fixed Features and Sensory Images. Different techniques are 
needed to measure each different information type. 
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Finally, Lynch[12] notes the uniquely personal nature of 
cognitive maps. Across different cultures he found that 
different groups may have widely different images of the 
same outer reality. Also, on an individual level, what an 
observer sees is based on a common exterior form, but how 
the observer interprets and organizes this form is unique. 
This interpretation governs how the observer directs his 
attention and this in turn affects what is seen. So at both a 
societal level and a cultural level cognitive maps are highly 
individualistic. 

COGNITIVE  MAPPING   -  THE  VIRTUAL 
EXPERIENCE 
As suggested above, cognitive maps are most effectively 
formed by active interaction with the environment using 
many different sensory modalities. However, in a virtual 
world there is typically sensory degradation and a lack of 
many of the perceptual cues used in the real world. Downs 
and Stea [6] point out that any filtering of information 
before it reaches the sensory modalities affects the cognitive 
map. This is the case for virtual environments. For 
example, the visual modality may suffer from low image 
resolution, poor image quality or a reduction of the 
peripheral field. In real environments, Alfano and Michel[l] 
have shown the reduction of peripheral vision impairs 
perception and visuomotor performance, both of which are 
essential for cognitive mapping ability. In addition there are 
rarely any tactile or olfactory cues and often only limited 
auditory feedback. The study presented here examines some 
of the factors influencing cognitive map construction given 
current immersive technology. 

METHODS   FOR   ASSESSING   COGNITIVE  MAPS 
One of the difficulties in studying cognitive mapping is the 
problem of extracting an external representation of an 
individual's internal map. By definition a cognitive map is 
highly subject-specific and, although individuals often 
record the same things in their cognitive maps, there is no 
evidence that they record them in the same way. 
Golledge[7] identifies four distinct methods for extracting 
environmental cognition information : 

• Experimenter observation of subject behavior 
• Historical reconstruction 
• Analysis of external representations 
• Indirect judgment tasks 

In our experiment we assess the subject's cognitive map 
through subject self-reporting and analysis of external 
representation. 

We are particularly interested in the subject's topological 
understanding of the virtual environment, i.e. knowing 
where they are and where everything else is, as compared 
with metric knowledge - knowing precise object location 
and distance between objects. Topological knowledge is 
generally more important than metric knowledge for 
effective navigation. 

A common approach for measuring topological knowledge 
was suggested by Lynch[12], who had subjects sketch maps 

to represent the mental models of their local cities. Lynch 
finds that sketch maps are more accurate when used for 
topological rather than metric analysis. 

Golledge[7] points out, however, that caution must be 
taken that sketch maps are not over analyzed. The 
disadvantages of sketch maps include trying to represent a 
three-dimensional cognitive map in two dimensions and the 
difficulties of quantitative analysis. They may also measure 
more than just spatial understanding of an environment, e.g. 
drawing or memory ability. Conversely, Blades[3] finds 
them reliable over time and Newcombe[15] comments that 
they are no less accurate than other cognitive techniques. 

Other common techniques used for cognitive map analysis 
include distance and angle estimation. However, Henry[9] 
found that distances were consistently underestimated in 
virtual environments and that angle estimation produced 
wildly varying results. Moreover, his subjects' sketch maps 
are topologically accurate even when the sketched distances 
are not. In a prior work we used a different technique for 
distance estimation and found similar results[18]. 

The present study is designed to asses the validity of sketch 
maps as a tool for measuring cognitive maps of virtual 
environments, particularly the topological knowledge of the 
cognitive maps. We predict that subjects who report feeling 
oriented and unconfused in the virtual world will later 
produce relatively accurate sketch maps, whereas subjects 
who report feeling disoriented and confused in the virtual 
world will produce less accurate sketch maps. In other 
words, if sketch maps are an accurate external representation 
of the subject's cognitive map then we would expect a 
correlation between the sketch map scores and subjective 
ratings of how oriented subjects felt within the virtual 
world. 

EXPERIMENT    DESIGN 
Eighty four subjects experienced a number of simple virtual 
worlds and then produced maps. The worlds were constructed 
using Swivel and Body Electric software, and rendered on an 
SGI VGX. Participants wore VPL Eyephones and interacted 
with the virtual environment using a VPL Dataglove. 
Movement through the virtual environment was achieved by 
the users pointing in the desired direction they and making a 
"fly" gesture with the Dataglove. This movement was 
completely unconstrained so participants could be as close 
or far away from the world as they wanted. Collision 
detection was not used so participants could travel through 
objects. 

Each subject was initially trained on the same immersive 
virtual environment until they felt comfortable with 
moving and interacting within a virtual environment. 
Following this training, they were given a 24-question 
survey which asked for responses on a range of navigation, 
orientation, interaction, presence and interface questions. 
Survey responses were indicated on a 10-point anchored 
scale. These survey questions are reproduced in the 
appendix. Participants were also invited to comment about 
the experience in general. 
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}.:.;: : Na me, -\>;£& Density Object 
number 

Object 
Ty»es 

Object 
classes 

Number of 
Subjects 

Virtual Valley 
Cloudlands 

Neighborhood 

Dense 
Sparse 

Cluttered 

high 
low 
high 

logical 
abstract 
logical 

high 
low 
high 

35 
25 
24 

Table 1.0 : The Different Characteristics of the Three Test Worlds. 

After the training session, subjects experienced one of three 
different virtual worlds for 10 minutes and were told to 
explore it as fully as they could. They were then asked to 
produce a map of the world that someone unfamiliar with 
the world could use to navigate around the world. The 
subjects also completed the same survey that was 
administered after the training world and were video taped for 
later observation of behavior patterns. 

If the sketch maps are an accurate external representation of 
the subjects cognitive map then we would expect a 
correlation between the sketch map scores and subject 
survey scores for orientation within the virtual world. 

World   Differences 
Three different worlds were used to explore how differences 
in world design might affect the cognitive map formed and 
the resultant sketch maps. According to Darken and 
Silbert's[5] world classification, each of them are "small", 
in that all of the world can be seen from a single viewpoint. 
They are also static, all their objects having positions and 
values which don't change over time. However, the density 
of each of the worlds varied considerably as detailed below. 
Each subject experienced only one of the test worlds. 

Virtual Valley 
Under Darken and Silbert's scheme this is a dense world: it 
has a large number of objects and spatial cues; however, 
they are all placed in a logical manner. The world is bound 
on either side by tall mountain ranges that direct attention 
to the objects contained in the valley below. Objects within 
the world are all representative of what would be expected in 
a real valley and there are no hidden objects. Objects are 
clearly distinguishable by color and size, and there are a 
number of distinctive objects that could serve as landmarks. 
This world design would make it difficult for subjects to 
become disoriented. 

Cloudlands 
Cloudlands is a sparse world containing few objects. It 
contains a dominant ground plane with clusters of objects 
floating above it in cloud groups. One of these clouds 
contains a fish and star while the others are empty. The 
objects are incongruous and surprising - there is a floating 
cactus, stacks of multicolored planes, cones and small gray 
rocks. The are no environmental cues to direct attention 
other than the object clusters themselves. However, the 
sparcity of the world would also make it difficult for 
subjects to become disoriented. 

Neighborhood 
Neighborhood is a cluttered world containing clusters of 
buildings all closely grouped and each containing other 

objects. The buildings are largely the same size and color 
making it hard to distinguish between them, and the objects 
within them are almost all the same color as the buildings. 
The objects are all those that would be logically found in a 
neighborhood, such as trees, tables, glass and a piano but 
the similarity of the buildings makes it hard to precisely 
locate them. This world is generally confusing and 
disorientating. 

Table 1.0 summarizes the characteristics of the three test 
virtual worlds. 

SKETCH MAP ANALYSIS METHOD 
As mentioned before, one of the challenges of using sketch 
maps is analyzing the results. The maps produced are as 
individualistic as each of the cognitive maps of the subjects. 
Although sketch maps are commonly used in real world 
cognitive mapping there is no generally accepted method for 
their analysis. Useful approaches have been reported in 
Appleyard[2], Laddfll], Moore[13], and Walsh et. a/.[17], 
among others; however these are used to analyze maps of 
large scale urban environments. Adapting these methods, we 
use a simple, purely topological technique. Each sketch 
map was given a set of goodness, object class and object 
positioning scores as detailed below: 

Map  Goodness 
Maps were ranked for goodness on a scale of 1-3 by two 
researchers who were experienced in virtual environments 
but blind to subject identity and other correlated measures. 
The researchers were told to rank the maps on how useful 
they would be as a navigational tool if they were taken with 
them into the virtual environment They were told to ignore 
the participants drawing ability and focus on how well the 
map represented the virtual world and the locations of the 
objects within it. 

Object   Classes 
Each map was given a score according to the number of 
object classes present - for example, trees, rocks and 
mountains are each counted as separate classes. Using object 
classes is a way to assess completeness of a sketch map for 
a given virtual world. 

Relative  Object   Positioning 
To provide a measure of differences in cognitive maps for 
different worlds we scored maps according to relative object 
positioning. We used topological positioning and so scored 
objects if they were correctly positioned to the right or left, 
above or below, or clockwise or counterclockwise, 
depending on the specific world being represented. The 
specific object position was not important, only its 
position relative to other objects in the sketch map. 
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Virtual Valley Neighborhood Cloudlands 
Class  No. Map 

Goodness 
Class  No. 

Goodness 
Class No. Map 

Goodness 

World 
Knowledge 

.480 .635 .427 .405 .242 .193 

World 
Orientation 

.567 .738 .397 .524 .353 .290 

n = 12, p < 0.05, r = 0.56 n = 21, p < 0.05, r = 0.38 

Table 2.0: Goodness and Class Number correlations with 
virtual world orientation and knowledge across the test worlds. 

Maps were given two positioning scores: a total object 
position score in which all the objects were scored, and a 
significant object position score where the five most 
commonly drawn objects for each world are scored. Relative 
object positioning is a way to assess the accuracy of sketch 
maps. 

RESULTS 
Although subjects were given no instructions on how to 
produce their maps, almost all of them drew three 
dimensional representations of the virtual world. This may 
be due to the small size of the worlds - sketch maps 
produced of large scale real world environments are usually 
two dimensional. Figure 1.0 shows typical sketch maps 
produced for the Cloudlands world. 

Within World Correlation 
If sketch maps can be used as an external measure of 
subjects' cognitive maps then there should be a strong 
correlation between map goodness scores and subject scores 
for the survey questions "Knowing where everything is in 
the Virtual World" and "Orientation in the Virtual World". 
To investigate this we correlated the object class and map 
goodness scores with the survey responses. Table 2.0 shows 
the correlation values of the map scores and survey scores. 
Although the map goodness rankings are higly subjective, 
the correlation between the scores given by the two 
researchers was very high; ( r = 0.86, 0.71, 0.70, for three 
worlds respectively, significant at p < 0.01). 

In the Virtual Valley and Neighborhood worlds object class 
and map goodness were both significantly correlated with 
the subjects' reported sense of orientation in the virtual 
world. For these two worlds, the map goodness score is 
also significantly correlated with subjects' knowledge of 
where everything is. However, this isn't the case with the 
Cloudlands world. The sparse nature of Cloudlands may 
make it difficult to produce an accurate sketch map. 
Cloudlands was also more three-dimensional that the other 
worlds with most objects placed high above the dominant 
ground plane, adding to the difficulty of producing a two- 
dimensional representation. 

Since cognitive maps are most effectively formed by active 
interaction with the environment, there should also be a 

relationship between map scores and the survey questions 
relating to interaction. This is indeed the case with Virtual 
Valley, where the map goodness rankings correlate 
significantly with the subjects survey score for ease of 
interaction (r = 0.882), ease of navigation (r = 0.865), ease 
of movement within the virtual world (r = 0.814) and ease 
of use of the Data Glove (r = 0.645). However, in the other 
two worlds the correlation between these survey questions 
and the map rankings were not significant. 

Between   World   Differences 
A two factor ANOVA was done on the survey results to 
identify world differences and possible gender-linked factors. 
There was a significant difference between worlds in 
subject's understanding of where everything was 
(F[2,22]=4.49, p < 0.025), and how oriented the subjects 
felt within each of the worlds (F[2,22]=3.314, p < 0.05). 
For both of these questions subjects rated Neighborhood 
world significantly lower than the two other worlds, as 
shown in figure 2.0. There was also a significant difference 
between the sense of dizziness reported by subjects, with 
those in Neighborhood registering the most dizziness, 
(F[2,22] = 3.95, p < 0.025). These results reflect the 
particularly disorienting nature of Neighborhood world. 

If sketch maps are representative of subjects virtual world 
cognitive maps, they should also reflect these world 
differences. The relative object position scores can be used 
to compare across worlds. For each world we defined the 
five most commonly drawn objects as "significant objects" 
and a relative positioning ratio was then calculated for each 
map: 

Ratio =      Correctly placed significant objects.   . 
Total number of significant objects in map. 

An ANOVA revealed a statistically significant world 
difference for the significant object relative positioning 
ratios, (F[2,22] = 4.004, p < 0.025). A similar ratio was 
calculated for the relative positioning for all objects drawn 
in the sketch maps. In this case an ANOVA showed no 
significant world difference, (F[2,22] < 1.0 NS). Figure 3.0 
shows the relative positioning ratios for both sets of 
objects. 
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•fear* 

Figure 1.0: Cloudlands world (upper left) and three typical sketch maps. 
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World Knowledge and Orientation 

Figure 2.0 Average subject orientation and world knowledge survey scores across the three test worlds 

In Virtual Valley over 90% of the significant objects that 
are placed are placed correctly, reflecting the well designed 
nature of the world. The difference in ratios from 
"significant" object placement to "all" object placement in 
Virtual Valley is largely due to a number of landmark 
objects which almost all of the subjects positioned 
correctly. The similarity of the "significant" and "all" object 
placement ratios in the other worlds may mean that there are 
fewer, if any, landmark objects. 

The difference in Virtual Valley and Neighborhood map 
scores correspond to the difference in subjects' orientation 
scores shown in figure 2.0. This suggests that "significant 
object" positioning scores may be used as a simple absolute 
measure of map accuracy and goodness of world design. It 
also implies that the sketch maps for these worlds 
accurately represents the topological knowledge stored in the 
subjects' cognitive maps. 

Relative Object Positioning 

2        1  T 

Virtual Valley Neighborhood Cloudlands 

Figure 3.0: Average subject relative object positioning ratios across the three test worlds. 
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CONCLUSIONS 
In this study we have investigated the applicability of 
sketch maps as an external representation of an individual's 
cognitive map of a virtual environment. We have found that 
sketch maps reflect differences both between worlds and 
within worlds. 

We used three methods to score the sketch maps, chosen for 
their simplicity and general applicability: map goodness and 
object class number for comparing maps from a given 
world, and the relative object positioning ratio for 
comparing maps across a range of worlds. 

In two of our test worlds, Virtual Valley and Neighborhood, 
map goodness and object class number scores correlated 
significantly with the subjects' self-reported sense of 
orientation within the virtual world. The relative object 
positioning ratio also matched the difference in reported 
orientation between Virtual Valley and Neighborhood 
worlds. These two results suggest that sketch maps do 
indeed accurately represent the topological aspects of 
subjects cognitive maps. 

The "significant object" ratio appears useful for comparing 
across worlds, while the map goodness and object class 
scores are useful for comparing subjects within worlds. The 
difference between the "significant" and "all" object 
placement ratios may also be used to identify worlds that 
have well defined landmarks. 

However, the low correlation with the Cloudlands results 
may indicate that sketch mapping is more useful for 
relatively dense worlds, or that more complicated forms of 
sketch map analysis is needed for sparse worlds. 
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APPENDIX: SUBJECT SURVEY 
The 24 survey questions given to subjects are listed below. 
For each of the questions subjects were asked to rank their 
responses on a scale from one to ten. The anchors for these 
scales are shown under the each of the questions. Responses 
were collected automatically using a HyperCard stack on a 
Macintosh computer and participants were also given 
theopportunity to add their own comments at the end of the 
survey. 

Questions 
1. Sense of being there: 
None -> Total 

2. Ease of interaction: 
Impossible -> Effortless 

3. Comfort of the display hardware: 
Unbearable -> Comfortable 

4. Enjoyment: 
Boring -> Very enjoyable 

5. How easy was it to navigate? 
Very difficult -> Very easy 

6. Sense of orientation relative to the laboratory: 
No sense of direction -> Completely orientated 

7. Sense of orientation in the virtual world: 
No sense of direction -> totally orientated 

8. Feeling of being lost: 
All the time -> Never 

9. Sense of dizziness: 
Never -> All the time 

10. Image brightness: 
Way too dim -> Way too bright 

11. Color quality: 
Very poor -> Very good 

12. Ease of use of the glove: 
Very difficult -> Very easy 

13. Feeling of inclusion in the world: 
Totally removed -> Actually there 

14. Overall physical comfort: 
Very uncomfortable -> Very comfortable 

15. Understanding of where everything was in the world: 
Total confusion -> Total understanding 

16. Invites exploration: 
Not at all -> Very much so 

17. Invites introspection: 
Not at all -> Very much so 

18. Ease of movement around the world: 
Very difficult -> Very easy 

19. Ease of getting where you wanted to go: 
Very easy -> Impossible 

20. How engaging was it? 
Not at all -> Totally 

21. Image clarity: 
Extremely fuzzy -> Extremely sharp 

22. How comfortable are you with using computers? 
Totally uncomfortable -> Totally comfortable 

23. Your experience in Virtual Reality: 
First time -> Very Experienced 

24. Sense of presence within the Virtual World: 
Very low -> Very High 
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ABSTRACT 
We investigated whether subjects could separate memories 
of events experienced in virtual reality from real and 
imagined events: a decision process we term virtual-reality 
monitoring. Participants studied 8 separate spatial 
configurations of real geometric objects arranged on a life- 
sized chessboard, 8 configurations in virtual reality (an 
immersive, computer-simulated world), and imagined 
objects in 8 other configurations. On a later source 
identification memory test, subjects were generally able to 
correctly identify the sources of the events. A Memory 
Characteristics Questionnaire was administered to assess 
differences in qualitative characteristics of memories for 
virtual, real and imagined events. Differences were found 
that could potentially serve as cues to help people decide 
where their memories originated. Results are interpreted 
within the Johnson-Raye [7] theoretical framework. 

KEYWORDS:  Reality monitoring, virtual reality, 
source memory, presence 

INTRODUCTION 
In virtual reality, life-like changes in visual imagery 
occur in response to the participant's own actions. Such 
realistic feedback often leads subjects to report that they 
feel "in a place" when navigating the computer-simulated 
world.  For instance, subjects experiencing a computer- 
simulated Sharkworld may have the feeling they are in the 
ocean, moving around a shark-infested ship wreck. This 
subjective experience of "presence" in the virtual 
environment is thought to be the essence of virtual 
reality. 

There are speculations in the virtual reality literature that 
presence improves sensori-motor or cognitive performance 
within virtual reality, and improves the efficiency of 
training and planning (15). It may also improve transfer 
of training to the real world and enhance learning. There 
are likely degrees of presence. Despite their immersion, at 
some level subjects presumably remain aware that they are 
only standing in the laboratory wearing a helmet. The 
more subjects focus their attention on the simulated 
environment, the more present they are likely to feel in 

the virtual world. On the other hand, if they were allowed 
to hear people whispering or telephones ringing in the 
laboratory, these distractions are likely to draw their 
attention away from the virtual world, reducing their sense 
of presence. We need a good measure of presence to 
explore speculations about the virtues of virtual reality, 
and to optimize the quality of the human-computer 
interface. Reality monitoring, a successful paradigm from 
Cognitive psychology, may prove helpful. 

REALITY   MONITORING 
Johnson and Raye {1\ have developed a paradigm in which 
to study reality monitoring (RM), the decision process by 
which memories of real and imagined events are 
distinguished (see [6} for a review). The decision process 
by which people distinguish memories of real, virtual and 
imagined events is a related phenomenon we term virtual- 
reality monitoring. The present experiment is the first in 
a series of studies aimed at developing memory source 
identification confusions (virtual-RM errors) into an 
objective measure of presence. 

Johnson and Raye propose that differences between real 
and imagined events as originally experienced are preserved 
in memory and can later serve as cues to where the 
memory originated. That is, memory source is inferred by 
the subject at the time of retrieval, based on cues 
associated with the target memory. RM decisions take 
advantage of differences in qualitative characteristics of 
memories from different sources. For example, compared 
with memories for imagined events, memories of real 
events tend to include more perceptual, spatial and 
temporal, semantic and affective (emotional) information 
and less information about mental effort. Consequently, a 
memory with a great deal of visual and spatial detail and 
very little evidence of mental effort would be judged to 
have been real. In contrast, a target memory with few 
perceptual cues, but abundant evidence of mental effort is 
likely to be identified as imagined. 

In one experiment, Johnson and Raye showed subjects a 
list of word pairs. For some of these stimuli, the 
subject's task was to self-generate (imagine) the second 
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word in the pair. For example, given the word HOT they 
had to think of the opposite word COLD and fill it in. 
For other items, the second word was already filled in and 
all subjects had to do was read it. Later, they took a 
source identification (ID) test. The test list consisted of 
imagined and read (perceived) words from the study list as 
well as new distracter items. When subjects were asked to 
identify the source of each item by responding "perceived" 
"imagined", or "new", they were quite accurate at doing 
so. In a second experiment, the amount of effort required 
to generate the imagined word was manipulated. For 
some subjects, the task was made easier by giving 
subjects the first letter of the second word in the pair. 
This was intended to decrease the amount of mental effort 
required to self-generate the second word in the pair. As 
predicted by Johnson and Raye, this manipulation 
increased confusions between memories of perceived and 
imagined events. This finding that confusion increases 
with decreases in the amount of mental effort associated 
with imagined events has now been demonstrated in a 
number of studies [2][3[4][8]. 

Increasing the perceptual similarity between memories of 
real and imagined events has also been shown to increase 
RM confusions [5] [9]. For example, if an artist with a 
vivid imagination generates an image of a fruit bowl that 
contains many characteristics typically associated with real 
events (clarity of detail, vividness, rich colors etc.), these 
cues could later mislead the artist when she attempts to 
remember whether she actually saw a fruit bowl or only 
imagined one. More generally, memories with qualities 
atypical of their class are likely to result in RM errors. 

According to a number of investigators [11, researchers 
presently lack a theoretical framework within which to 
study VR, and lack an objective measure of "presence", 
the sensation of being in a place while experiencing a VE. 
The present study explores the use of the RM paradigm to 
fill these needs. We began by investigating whether 
subjects can discriminate memories of events experienced 
in VR from real and imagined events. Subjects studied 
the spatial locations of geometric objects located on a 
chessboard. The objects were either real, imagined, or 
virtual. Subjects later took a source ID memory test. 
After the test, we explored qualitative 
similarities/differences between the 3 types of memories 
by asking subjects to rate each class of memories on an 
adaptation of the Memory Characteristics Questionnaire 
(the MCQ) developed by £101. Our questionnaire 
consisted of a number of scales designed to assess a wide 
range of characteristics of memories (e.g., visual detail, 
spatial and temporal information, emotional intensity, and 
the subjective experience of presence). Following the 
logic used by Johnson and colleagues, we predict that 
some of the differences in the qualities of the experiences 
as originally experienced will get stored in association 
with the target memories, and will allow subjects to infer 
the sources of their memories on a later memory test. 
More specifically, we predict that cues associated with 

memories of virtual events will generally allow the virtual 
source of these memories to be identified. That is, 
subjects will be able to discriminate memories of virtual 
events from memories of real and imagined events. Our 
version of the MCQ was administered to investigate the 
virtual-RM decision process. Ratings of the 
phenomenological qualities associated with memories of 
real, virtual and imagined events may point out differences 
in qualities which subjects could be using in their virtual- 
reality decisions, helping us to understand how these 
decisions are made. 

THE   EXPERIMENT 
Method 
Subjects. 
Twenty four college educated subjects, as well as graduate 
and undergraduate students from the University of 
Washington participated in the 2 hour experiment. 

Materials and equipment.  A configuration consisted 
of four identical 3-dimensional objects (either triangles, 
cubes, half-cylinders, or t-squares), placed in one of 32 
possible relations on a life-sized chessboard. In the real 
and imagined world conditions the 8 x 8 square chessboard 
was 12' x 12'. The objects seen on the chessboard in the 
real condition, that subjects were asked to imagine on the 
chessboard in the imagined condition were approximately 
14" x 14" x 14". For the imagined condition, subjects 
were given written directions to determine which objects 
should be imagined to exist on which squares of the 
chessboard. In the virtual world, the checkerboard and 
objects were scaled to approximately the same dimensions 
as real world stimuli. Configurations were rotated 
through conditions such that each configuration occurred 
in each of the three worlds (real, virtual, and imagined) and 
as new items equally often in the experiment. 

The VR system consisted of a Virtual Research 
stereoscopic head mounted display and a hand held 
joystick. Both devices were equipped with Polhemus 6 
DOF electromagnetic trackers, which allowed the 
computer to track head movements and to track the 
position of the joystick. Subjects moved in the worlds 
with the joystick. 

Design and  Procedure. 
Stimuli were counterbalanced such that each of 8 possible 
paths, and each of the 4 object shapes, appeared in each 
world type (Real, Imagined, Virtual, and New) equally 
often for each subject. 

Each subject experienced 24 of the 32 configurations in 
the study phase (8 real, 8 virtual, and 8 imagined). The 
remaining 8 configurations served as distracters (new 
items) in a memory test to be described shortly. The order 
in which subjects encountered each world type was 
counterbalanced. Subjects were randomly assigned to one 
of 3 orders such that each subject was equally likely to 
encounter each world first, second or third. Once in a 
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