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IMMERSING PEOPLE IN VIRTUAL ENVIRONMENTS: 
PERCEPTUAL AND COGNITIVE CONSIDERATIONS 

In virtual environment systems, people are immersed in realistic three-dimensional computer 

simulations of real-world spaces for a variety of entertaining and productive purposes. The use of these 
systems raises fundamental questions about how to enhance the users' perceptual and cognitive 

performance and overcome their limitations as they interact with the technology. The focus here is on 

psychologically important features of the technology, considerations that affect the perceptual and 

cognitive quality of immersive involvement and human performance, and the kinds of tasks for which 
virtual environment technology might be especially beneficial. 

INTRODUCTION 

Virtual environment (VE) technology is highly immer
sive, requiring the human user to become subjectively and 
even spatially involved in an enveloping simulation of 
reality. The premise of VE seems to be to enhance the 
interaction between people and their systems by taking 
advantage of the natural perceptual and cognitive abilities 
of people in technologically sophisticated, realistic, sim
ulated settings-virtual reality. It thus becomes very im
portant to understand how people perceive and interpret 
events in their environments, both in and out of virtual 
representations of reality. We must address issues of 
human performance to understand how to develop and 
implement VE technology that people can use comfort
ably and effectively. 

Research and development on various guises of VE 
technology, including artificial reality, I virtual reality,2-6 
and virtual environments,7 have resulted in some spectac
ular technology embodying impressive advances in com
puter system hardware and software and in peripheral 
devices used with such systems. Moreover, commercial 
VE systems are becoming increasingly available. Howev
er, little research has been conducted concerning human 
performance issues in the context of the new and prolif
erating technologies. Fundamental questions remain 
about how people interact with the systems, in what kinds 
of tasks they may be most appropriate and effective, how 
they may be used to enhance and augment cognitive 
performance in such environments, and how they can best 
be employed for instruction, training, and other people
oriented applications. 

Three aspects of human perceptual and cognitive perfor
mance in VE'S are considered here. The first involves char
acterizing VE'S in terms of features important from a psy
chological perspective. The second concerns perceptual 
and cognitive considerations that enable, enhance, and 
limit immersive involvement and human performance in 
VE'S. The third identifies some kinds of tasks for which VE 
technology might be especially useful in the light of human 
perceptual and cognitive performance considerations. 
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PSYCHOLOGICAL FEATURES 

One of the earliest examples of virtual reality was 
Morton Heilig's Sensorama, an entertainment device that 
provided the user with a three-dimensional (3D) movie 
accompanied by appropriate sounds, odors, and even 
wind.8 Few, if any, of today 's VE'S include effects for all 
those senses, although they are certainly technologically 
feasible. In particular, virtual auditory space is an active 
area of research.9 Acoustic technology can now simulate 
3D space through headphones, permitting 3D auditory 
localization of sounds presented in VE'S. Listeners using 
virtual acoustic displays that appropriately model head
related transfer functions can obtain useful and accurate 
directional localization information. 10 This capability is 
useful for directional signaling, pointing out objects or 
features of the environment, and orienting the user. It 
might be effectively used for multi person communica
tions, such as virtual meetings, shipboard intercoms, and 
radio net monitoring, by localizing each speaker or chan
nel in a virtual space. Tactile, vestibular, and kinesthetic 
feedback are also candidates for VE implementation. 

One of the defining features of VE'S is a sense of 
immersion in the target environment being simulated and 
presented through displays. Although we use the term 
"immersion" here to specify conditions of user inter
action with VE technology, the term has also been used 
by others in reference to subjective responses to using 
VE'S.11 The user of the technology becomes subjectively, 
and sometimes also spatially, immersed in a VE in which 
simulated objects exist and events occur. These condi
tions are depicted in Figure 1. Once immersed in aVE, 
one has an egocentric world view. The environment exists 
for the user, as well as around the user in spatial imersion, 
and it is up to the user to initiate interactions with the 
environment. Different kinds of VE technology support 
the different modes of interaction. 

One may move through virtual space by various means, 
depending on the particular technology involved. Some 
technologies permit one to move by pseudomotion, such 
as "flying," whereby only visual feedback is available. 
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Other technologies also permit locomotion, resulting in 
attendant sensory (visual, kinesthetic, and perhaps audi
tory) feedback. All of the technologies use sensory 
illusion to achieve their immersive effects and the atten
dant sense of being able to move through a simulated 
environment. 

Subjective Immersion 
One kind of VE technology employs subjective immer

sion, in which the user interacts as if using an ordinary 
desktop computer system. The user views the system 
from the usual close but remote position and interacts 
through standard or special-purpose input or control 
devices such as keyboards, mouse controls, trackballs, 
joysticks, or force balls. The user can fly or otherwise 
move around in a two-dimensional (2D) representation of 
3D space. Three dimensions are represented on 2D dis
plays through the use of simulation software employing 
perspective, object rotation, object interposition, relative 
size, shading, motion, and other effective visual cues 
appropriate to the task at hand. 

In subjective immersion, one interacts with the simu
lation by changing the viewing perspective, or moving 
around and into the 3D virtual space via facilities provided 

Figure 1. Cartoons depict subjective 
immersion (this page) and spatial im
mersion (opposite page) versions of 
the same virtual environment task. In 
both examples the user is shown at
tempting to navigate through a space 
littered with recognizable objects. In 
the subjective immersion setting, the 
user views a computer-based 20 or 
pseudO-3D display, moving through the 
environment via a manually operated 
control device. Feedback to the user is 
through visual cues and (perhaps) au
ditory cues. In the spatial immersion 
setting, the user views a 3D scene 
presented in a sensor-laden helmet
mounted display that responds to 
changes in head orientation and whole
body location by changing the view 
being presented. Feedback is through 
visual and kinesthetic cues related to 
head movements and may also in
clude localized (or non localized) audi
tory cues, real or simulated touch, and 
kinesthetic cues from hands, arms, 
feet, and legs in systems allowing 
whole-body traversal of the space. 
Sight lines indicate what the user sees. 
Cognitive similarities and differences 
between subjective and spatial im
mersion in tasks like navigating along 
an imaginary path among objects (see 
thought bubbles) have theoretical and 
practical implications. 
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by the simulation program. Ordinarily, the computer's 
keyboard or mouse is used to move in two dimensions, 
as well as into and out of the display's apparent depth. 
One might, for example, "drive" into a simulated coun
tryside along a road receding into the perceived distance, 
passing by trees and buildings that appear along the way, 
by holding a cursor on a particular target object in the 
perceived distance; the simulation would provide ways to 
control direction and speed of travel. 

Effective subjective immersion gives one the sense of 
being there, interacting directly with the simulated envi
ronment and the objects and events in it, despite being 
physically remote from the virtual space. Consider, for 
example, how effectively 2D displays such as video 
games, television programs, and movies subjectively in
volve, or immerse, their respective players and audiences. 
The effectiveness of subjective immersion depends upon 
how engaging the simulated 3D environment can be made 
on the 2D display and how easy it is to control the inter
action with available input or control devices. It also 
depends upon how the environment is designed and how 
well it is designed to shape the potential interactive 
experiences available to the user and to make them 
interesting. 12 
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Spatial Immersion 
The other kind of VE technology uses spatial immer

sion. The user is required to get inside the virtual space 
by wearing special equipment, typically at least a helmet
mounted display that bears sensors to determine precise 
helmet position within the VE system's range, in order to 
interact with the simulated environment. The user is thus 
immersed in a quasi-3D virtual space in which objects of 
interest appear to exist and events occur above, below, 
and around in all directions toward which the user turns 
his or her head. One has the sense of being in there, rather 
than just being there, as with subjective immersion. 

Visual images presented to the user on a helmet
mounted display may be presented stereoscopically or by 
other means that can enhance the sense of reality of the 
3D virtual space. Depending on the particular technology, 
one can view the surrounding environment from a station
ary position by turning one's head, whereby displayed 
objects and scenes follow head movements and direction 
of gaze, or one can look around and move within the VE, 

whereby displayed objects and scenes follow not only 
head movements and direction of gaze, but also actual 
traversal of some physical space associated with the VE. 

In some systems, the user can also interact with virtual 
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objects in the environment by reaching out with a hand 
and pointing at or even manipulating the objects. 

HUMAN PERFORMANCE CONSIDERATIONS 
The distinctions between subjective and spatial immer

sion are related to the issue of simulation fidelity and to 
the compatibility principle (to be discussed later), both 
of which are important to the design of VE'S used in 
support of human task performance. The degree of fidel
ity required in a VE simulation to support performance 
may differ as a function of the kinds of tasks involved. 
For instance, a relatively high degree of fidelity may be 
needed in aviation simulation for training, where it is 
important to simulate the spatial layout of physical ob
jects in the real environment, but it may not be necessary 
in other task domains. In fact, the concept of fidelity may 
not even apply in some domains, as in representations of 
abstract environments such as complex data sets or the 
structure of a computer's file system, where some new 
measures of appropriateness are needed. 

Virtual environments based upon or including repre
sentations of abstract entities require special attention to 
human performance considerations. In such environ
ments, the concept of representation or simulation of 
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reality may be a difficult one to implement: What, after 
all, is the reality of an abstraction? For example, what 
does it mean to represent or simulate a computer's file 
system or a tactical situation assessment? What are the 
critical elements of the representation from the perspec
tive of the VE user? The answers to these questions de
pend upon how users think about problems and what they 
have to accomplish through interaction with the system. 
Knowledge about how people think about solving prob
lems in such domain should drive the design of system 
elements and the manner in which they are represented 
and simulated for viewing, hearing, or sensing. The way 
people think about abstractions represented in VE sys
tems, however, may differ significantly from the way they 
think about those abstractions under ordinary circum
stances. The VE representation could even distort the way 
they think about the abstractions and thereby influence, 
positively or negatively, the effectiveness with which they 
employ the VE system. 

It may be desirable to create certain kinds of distortions 
that will permit users to comprehend a representation of 
a constructed reality that might otherwise not be feasibly 
represented. Doing so amounts to imposing designed ab
stractions on users through which to facilitate interpre
tation of large or complex real-problem spaces. For ex
ample, air traffic controllers and watch standers at ship 
command information centers need environments that 
represent movements of aircraft through a half million 
cubic miles of airspace. In these environments, distances 
might need to be represented on different scales and on 
different axes for various purposes, and aircraft sizes on 
such representations would not be realistic. Nevertheless, 
the environments would be effective to the extent that the 
designed abstractions could relate evolving situations to 
familiar views of the problem space and facilitate users' 
abilities to interpret and assess situations arising in air
spaces of such magnitude. In addition to designing ap
propriate abstraction for such purposes, means for assur
ing the effectiveness of their implementation in subjec
tively and spatially immersive VE'S would need to be 
determined. 

To make the best use of VE technology, we need to learn 
more about what kinds of cognitive tasks can benefit from 
spatial immersion, what kinds of tasks do not require 
spatial immersion but can benefit from subjective immer
sion, and what kinds of tasks may be unaffected or even 
adversely affected by VE'S. There may be different learn
ing and performance consequences of using one or the 
other kind of VE imulation. If so, the consequences 
would have important implications for the design of train
ing systems and other applications of VE technology in 
support of task performance. 

Considerations such as those just described suggest 
that a psychological sense of immersion is a major feature 
of VE'S; that is, a qualitative, subjective sense of involve
ment in the displayed environment seems to be essential 
to the effectiveness of any VE. How is this sense of in
volvement or immersion achieved through the u er's per
ceptual and cognitive processes? 

Many questions arise in analyzing human perceptual 
and cognitive performance in VE'S. Does the human mind 
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have a natural propensity to perceive a VE as an adequate 
representation of reality, just as it has a natural propensity 
to perceive three-dimensionality and objects in artificial 
visual scenes on the basis of minimal perceptual cues? 
What governs whether spatial immersion is desirable for 
supporting task performance, or whether subjective im
mersion is sufficient? What determines the perceptual
cognitive adequacy of the realism provided by a VE? How 
can proper levels of simulation fidelity be specified and 
assured for particular applications? Theories, methods, 
and data from psychology, cognitive science, and artifi
cial intelligence in regard to visual displays, visualiza
tion, visual-spatial cognition, navigation, cognitive maps, 
spatial orientation, reasoning, learning, and compatibility 
are relevant and important considerations in answering 
such questions. 

Visual Displays 
Perceptual and cognitive distinctions between VE dis

plays and other kinds of displays relate to the kinds of 
tasks for which the technology is used. We are accus
tomed to watching television and using textual and graph
ic computer-based displays, such as those driven by desk
top computers in various kinds of everyday tasks. But 
computer-based displays are often just 20 electronic 
versions of familiar paper-based texts, pictures, and 
graphics. Some are dynamic, of course, allowing the 
viewer to see changes OCCUlTing through time. This is a 
satisfactory way to perform the kinds of tasks for which 
paper-based presentation once sufficed. 

Recent developments in technology have produced 
several means of generating 30 displays. Since the visual 
system has a natural propensity to interpret displays and 
scenes as three-dimensional , 30 displays may permit 
more efficient use of our visual apparatus for information 
extraction than can be achieved with 20 displays. 

How do familiar kinds of 20 and 30 displays relate to 
VE applications? What is it that defines VE'S as distinct 
from the more familiar kinds of display technology? As 
indicated previously, one can get cognitively and emo
tionally involved even in 20 displays. But is that enough 
to constitute immersion in aVE? 

Recent research on the design and testing of visual 
displays has begun to take account of the cognitive task 
requirements to be supported by computer system dis
plays.1 3 Although more work is needed in elaborating the 
nature of the cognitive requirements so that more effec
tive design and testing can be accomplished, the empir
ical approach represented by such research is also appro
priate to the design and testing of VE'S intended for use 
in different contexts. For work of that kind to proceed, 
we need to make better use of our understanding of the 
perceptual and cognitive structures and processes with 
which users interact with VE'S. Some of the most relevant 
ones are discussed in sections that follow. 

Virtual environments offer new opportunities for going 
beyond traditional ideas about human-system interaction 
by enabling the user to move around in ide a data or 
information set, rather than just viewing it remotely. 
Although this feature may increase the potential for user 
interaction with data, it may also introduce unforeseen 
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problems and difficultie in how users find their way 
around in VE'S to accomplish their intellectual tasks. Fur
ther, the different technologies available to implement this 
interaction have features that may make one or another of 
them preferable, depending on how the system supports the 
various kinds of perceptual and cognitive tasks. 

The limitations of subjectively immersive VE'S make 
them inadequate for some uses, for example, where a user 
would benefit from being spatially engulfed in the sim
ulation to take advantage of positional and relational 
features inherent in that type of environment. Some 
potentially useful applications involve the immersion of 
the user in 3D space where means are provided for ma
neuvering through that space. One example is pilot train
ing in which the displays and controls of a cockpit are 
spatially simulated. Another is architectural design, in 
which detailed con truction plans can be used to create 
virtual structures that permit designers to enter, move 
around in, and visualize their designs and how they relate 
to one another before they are actually built. 

Visualization 
Visualization researchers have devised interesting 

ways for computer users to manage and present large data 
and information sets. The viewing format makes interpre-

Immersing People in Virtual Environments 

tation of the displays relatively intuitive, relying on nat
ural structures in human vision and cognition for effort
less analysis. 14-16 

Representations have been developed for several kinds 
of information structures, such as the Information Visu
alizer workspace, the Perspective Wall for relating detail 
to context (Fig. 2), and animated 3D hierarchical Cone 
Trees (Fig. 3).17 Other visualization examples include 
SemNet, which supports 3D graphic representations of 
large knowledge bases, 18 a system for 3D display of med
ical data,19 and Tree-Maps, a space-filling depiction of 
hierarchical information structures such as collections of 
computer files. 2o With some of the systems, the users can 
determine at a glance what they want to know about the 
data or information set being interrogated. 

Although the display formats were developed to facil
itate interpretation of complex data and information 
through computer graphics and visualization techniques, 
they were not necessarily designed as VE'S. To the extent 
that one can interactively traverse the abstract spaces that 
they depict, however, they might be considered subjec
tively immersive VE'S. Whether spatial immersion would 
improve a user's interaction with and understanding of 
the representations of abstract information is an open 
question. 

Figure 2. The Perspective Wall offers a means for visualizing linear information in context for interactive viewing and searching. The 
center panel presents 20 information detail and permits horizontal and vertical structuring, such as layering. The side panels show less 
detail but provide context and 3D perspective. (Reprinted, with permission , from Ref. 17, p. 69, © 1993 by the Association for Computing 
Machinery.) 
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Figure 3. Cone Trees facilitate the visualization of hierarchical information sets. Trees can be displayed in vertical or horizontal 
orientations and can be rotated in depth. The user can focus on different parts of trees and prune, grow, and move them interactively. 
(Reprinted, with permission, from Ref. 17, p. 67, © 1993 by the Association for Computing Machinery.) 

Visual Cognition 
Research on visual cognition provides a starting point 

for understanding how people interact with VE'S. The 
design of VE'S relies heavily on the ability of users to 
extract relevant information from real-world scenes and 
from visual displays, and to traverse real-world spaces. 

Visual cognition includes knowledge structures and 
cognitive processes that relate visual inputs to interpre
tations and other conceptual uses of displayed informa
tion. In the VE setting, visual cognition is used in nav
igating through displayed spaces and finding, identifying, 
and acting upon virtual objects of interest. User interac
tions are supported by the VE system's representations of 
data and information and by the means provided for 
accessing them. Interactions are successful to the extent 
that the system's features map readily to the user's knowl
edge and expectations. 

Recent work in cognitive science has highlighted the 
importance of devising representations appropriate to the 
user's task. Examples are a special-purpose architecture 
that permits imagery to be mapped into discrete symbolic 
representations, and research findings on reasoning with 
diagrams.21 

Diagrams are important visual aids to reasoning be
cause they provide directly interpretable depictions of 
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information about problems to be solved, at least to those 
who have learned to use them.22,23 Graphs are a ubiqui
tous means of depicting data. Nevertheless, the design of 
useful and easily interpreted graphs remains an art form, 
although graph design is an active area of research?4,25 
The design of subjectively and spatially immersive VE'S 

that include depictions of abstract information might 
benefit from knowledge of how to design and use dia
grams and graphs. 

An important perceptual-cognitive consideration in the 
design and use of VE technology is how people navigate 
and remain oriented in simulated environments. When 
users are immersed either subjectively or spatially in a 
simulated world, they must be able to determine where 
they are, where they have been, where they want to go, 
and how to get from here to there. 

Three important requirements for using VE'S effective
ly for problem solving and for training are (1) being able 
to navigate appropriately within the virtual spaces depict
ed in VE displays, (2) being able to reason appropriately 
about the virtual objects and about the spatial or other
wise abstract concepts represented in VE simulations, and 
(3) being able to learn, that is, to acquire knowledge and 
skills, in the VE and to transfer what is learned to an 
external target domain. 
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Navigation 
One might expect the ability of people to navigate in 

virtual space to be analogous to, or at least closely related 
to, their ability to navigate in real space. One must con
sider, however, that a person's ability to navigate locally 
around furniture and other objects in a real room may be 
qualitatively different from how that person navigates 
through extended spaces such as unfamiliar real neigh
borhoods, which, in tum, may not be indicative of how 
the person would navigate through local and extended 
abstract spaces in VE'S . As exemplified by the effort re
quired in using mnemonic techniques such as linking 
ordered parts of an oration to mental stops along a path 
through imagined rooms of a familiar building, naviga
tion through imaginary spaces such as VE'S may require 
specialized instruction and considerable experience be
fore it can be performed effectively. (Of course, learning 
to navigate in real spaces also benefits from instruction 
and experience.) 

What considerations influence how people find their 
way around in VE'S, what kinds of landmarks and sign
posts they use, and how they establish relationships 
among objects in virtual space? Studies of the organiza
tion of human memory, the structure of cognitive maps, 
and the nature of spatial abilities provide some insight 
into these issues, but how people navigate and remain 
oriented in simulated environments has not been the 
focus of much research. What has been done suggests that 
users need landmarks, signposts, and anchors related to 
familiar objects and places, even metaphorical ones, to 
navigate effectively through virtual space. 

Spatial Cognition 

What people know about space and how to interact 
with it influences their interpretations of spatial represen
tations in visual displays and their performance of spatial 
tasks.26-28 For example, perceptual context and other con
siderations affecting how one interacts with spatial events 
can influence memory for those events, memory struc
tures and representations, and how such structures and 
representations can be measured and modeled.29,30 

Spatial reasoning is supported by achieving appropri
ate mappings between problem portrayal and interpret
ability of that portrayal by problem solvers. Thus, the 
selection of a spatial representation presents important 
challenges for system designers. In particular, they 
should take into account the kinds of spatial reasoning to 
be supported and spatial relations important to spatial 
interpretation and reasoning. 31,32 

Cognitive Maps 

In one of the earliest scientific publications on cogni
tive maps, Trowbridge reported a study of differences in 
methods of orientation and sense of direction used by 
"civilized man" (the "ego-centric method" based on 
knowledge of the points of the compass) and those used 
"not only by birds, beasts, fish, insects, etc., but also, in 
all probability, by young children and by a large propor
tion of mankind living in an uncivilized state" (the "domi
centric method" based only on knowledge of regions 
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traversed). Trowbridge estimated that "the proportion of 
people who have so-called 'imaginary maps' is astonish
ingly large, being of the order of thirty to fifty per cent., 
if not a much higher ratio; hence the matter is one of 
general interest." 33 

Considerable recent work on cognitive maps is relevant 
to understanding how people interact with VE'S. Some of 
the main issues concerning cognitive maps include men
tal structures and representations of geographical areas, 
reference systems, learning and memory, and inferential 
use of cognitive maps.34-36 

Spatial Orientation and Navigation 

Long after Trowbridge's report, orientation and sense 
of direction in the real world remain important research 
areas. In addition, studies of navigation in the real world 
have provided further insight into issues that may be 
extended metaphorically to computer-based system dis
plays and to VE'S, including environmental learning 
through navigation, memory for routes, searching for 
objects in multidimensional space, estimation and repre
sentation of distance information, and alternatives to tra
ditional models of seafaring navigation.37-39 For example, 
some surprising differences in spatial orientation and 
distance estimation performance were observed in an 
experiment in which walking through physical spaces 
was compared with traversal of virtual representations of 
those same physical spaces in VE'S characterized by sub
jective immersion and two levels of spatial immersion. 
In particular, although accurate distance estimates were 
made by those subjects walking through physical spaces, 
the same distances represented in the VE'S were consis
tently underestimated, and the most immersive condition 
yielded the greatest underestimation.4o Although the 
exact sources of the observed effects remain to be spe
cifically identified, the results clearly suggest a need to 
consider navigation performance in VE design. 

The literature provides evidence of the importance of 
visual and spatial memory, spatial orientation ability, and 
knowledge of spatial configurations, landmarks, and 
routes in spatial exploration, all of which are fundamental 
to the effective use of VE'S, even for simple tasks. 

Reasoning 

Since reasoning, by its very nature, involves applying 
structured knowledge and procedures to solve problems, 
it might be expected that principles and processes of 
spatial and abstract reasoning in VE'S are essentially 
identical to those of spatial and abstract reasoning under 
ordinary conditions. Thus, one would expect not only to 
be able to recognize or identify objects in VE'S, but also 
to be able to discern what can be done with them, since 
visible features of real objects serve as cues to possible 
actions that those features afford and uses to which ob
jects can be put. For instance, upon seeing a virtual object 
of appropriate apparent size and shape with a handle on 
it, one might expect to be able to pick it up by the handle 
and tum, tip, or carry it as one would a real object with 
those characteristics, because handles afford those kinds 
of actions.41 Depicting such features in ways that support 
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appropriate reasoning about the purposes and potential 
uses of virtual objects and depicted abstractions is an 
important VE design consideration. 

Fundamental differences may exist, however, in the 
nature of reasoning between VE'S and real environments. 
We need to determine whether such differences exist and 
what their effects might be. Understanding how people 
reason about spatial relationships among objects and 
structures in virtual space, and about abstractions based 
on them, is crucial to the design of VE systems. 

Learning 

Finally, how people learn in VE'S, how well they learn, 
and how well what is learned transfers to other domains 
are not yet well understood. On the basis of the ostensible 
success of flight simulators and other simulation-based 
training systems, one might expect that the introduction 
of VE ' S would enhance such systems. The use of VE'S 

would seem to be highly appropriate for pilot training in 
a virtual cockpit, since a spatially immersive VE might be 
expected to improve transfer of training to an analogous 
real cockpit space (there is high face validity, as well as 
content validity, for the use of VE'S).42,43 The basis for 
transfer of training from spatially immersive VE'S to other 
domains that are not so spatially oriented is less obvious 
(there is less face validity, and perhaps less content va
lidity, for VE use). In those domains, it may be that fea
tures of VE ' S are different enough from the more familiar 
simulation-based training systems to require people to 
develop new abilities to learn and to transfer what they 
learn to target applications. 

Compatibility 

The human performance principle of compatibility in 
display and system design holds that successful informa
tion transfer should be maximized under conditions in 
which information recoding effort by users is mini
mized.44

,45 Thus, users interacting with information dis
plays of various kinds should find it easier to work with 
interfaces designed to minimize the recoding effort. Not 
surprisingly, some effort on the part of the user is nec
essary for effective information transfer to occur, even 
with the best-designed interfaces; compatibility by itself 
is not enough.46 Nevertheless, compatibility between us
ers' expectations and features provided by VE systems 
may be an important aspect of how well users can employ 
the systems. For example, a concrete spatial navigation 
task such as following a route among buildings in a 
spatially immersive environment might be considered a 
high-compatibility combination, whereas an abstract 
navigation task such as finding items in a data set in the 
same kind of environment might be a low-compatibility 
combination. 

Qualitative differences in cognitive problem-solving 
performance may result from being in there (using spa
tially immersive VE'S) versus being there (using non
spatially-immersive VE' S). Such differences may arise in 
part as a result of compatibility effects between types of 
problem representations and VE features. 

In VE'S, as in other kinds of complex computer-based 
simulation settings used for instruction and training, it is 
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important to understand the relationships among the 
learner, the knowledge domain in which tasks are per
formed, techniques of information presentation, and fea
tures of the simulation system.47

-49 

A related issue is the cost-effectiveness of using VE 

technology for various purposes. For instance, since 
spatially immersive VE technology is more complex and 
expensive than subjectively immersive VE technology, it 
may be cost -effective to use spatial immersion for teach
ing pilots or drivers how to operate controls and respond 
to displayed situations in inherently spatial domains, but 
not as cost-effective to use such environments for teach
ing people how to solve database problems or to diagnose 
system failures or medical problems. Questions of cost
effectiveness cannot be adequately answered until we 
have human performance data that we can analyze. 

Simulator sickness has arisen with simulators having 
certain physical characteristics that can trigger adverse 
physiological effects.50 For example, temporal mismatch
es between presented and expected visual displays can be 
disorienting. Video images presented in synchrony with 
the viewer's alpha rhythm can produce headache, and 
mismatches between sensory and vestibular inputs to the 
user can produce nausea. 

It remains to be determined how VE technology might 
be used to support abstract tasks, such as database nav
igation, which are related to, but removed from, the level 
of VE simulation by metaphorical abstractions. One might 
suppose that structural parallels between virtual spaces 
and metaphorically organized data spaces could be de
fined and exploited through VE technology. Research is 
needed on this and other aspects of cognitive perfor
mance, including the effects of VE' S on users' attention 
and memory processes, spatial and temporal resolution 
requirements for displays, and effects of training and 
experience in using VE ' S on perceptual and cognitive 
performance and on system usability. 

USING VIRTUAL ENVIRONMENTS 

Given the features of VE' S and an appreciation of 
perceptual and cognitive considerations that affect how 
people interact with them, how can we best take advan
tage of VE technology? As the preceding discussion sug
gests, this question must be addressed by considering the 
kinds of uses to which VE'S will be put, together with the 
nature of the tasks that people will be expected to perform 
in VE'S. 

One obvious use is for entertainment. Entering and 
exploring a virtual world is a novel and enjoyable expe
rience. With the user immersed in a 3D space surrounded 
by directional sound and other sensory feedback, that 
novelty can be augmented with entertaining or challeng
ing tasks characteristic of games, puzzles, and activities 
already familiar to video game players. Such experiences 
offer new tests of people's perception and wits and ex
pand the horizons of current entertainment technology by 
introducing new dimensions of psychological involve
ment. Imagine the action possibilities and challenges in
side a spatially immersive Jurassic Park! 

Virtual environment systems may have important new 
uses in support of data analysis and interpretation. One 
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task domain that stands to benefit from VE technology is 
data visualization. Tailoring data requirements to spatial
ly irnmersive VE'S would permit a user or analyst to view 
a data set in novel ways and to explore the data set by 
moving through it, viewing it from various perspectives 
in search of patterns that may not otherwise be apparent. 
To some extent, some advanced statistical analysis and 
display packages offer this feature, even for desktop com
puters, but without spatial immersion. Being able to move 

A 

B 
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around inside a data set may offer new insights, as well 
as new challenges, for understanding how people identify 
and interpret patterns in complex data structures. 

Another data analysis and interpretation task domain 
is that of maintaining situation awareness in dynamically 
changing contexts, such as air traffic control and military 
operations. Being able to visualize these kinds of situa
tions directly in 3D space offers the potential for more 
effective prosecution of task requirements having spatial 

c 

Figure 4. Advanced displays for use in the APL Submarine Combat Information Laboratory. A. An interactive, subjectively immersive 
virtual environment display. This display can be used in conjunction with a bathymetric geographical situation plot and a text window on 
the same workstation screen to facilitate interpretation of tactical situations. B. and C. Other virtual environment perspective views of the 
same situation. (Graphics courtesy of Creighton Donnald, APL Submarine Technology Department.) 
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features difficult to represent in conventional 2D displays. 
An example of a submarine navigation display developed 
for these purposes at APL is shown in Figure 4; see the 
article by Dennehy, Nesbitt, and Sumey in this issue for 
an APL air defense example. 

Education and training could benefit from those exten
sions beyond current simulation capabilities that VE tech
nology affords. For example, combining spatial immer
sion in a 3D virtual space with resized simulations of very 
small or very large objects would make it possible to 
explore molecules and galaxies by touring them and 
viewing them from different perspectives, which, in turn, 
could facilitate learning about them. One might fly 
through a virtual engine or other piece of complex equip
ment to learn how its parts move and interact as part of 
a maintenance training program. In this example, one 
might also be able to use virtual tools to practice perform
ing tests and repair tasks on the virtual objects. In addi
tion, novel hybrid displays could be devised, such as 
head-up displays that would project virtual tools or in
formative text onto real objects. 

Finally, a natural enhancement of VE technology would 
be the incorporation of increasingly available sophisticat
ed multimodal displays, including still and motion video, 
audio, and voice input and output, that can furnish the 
immersed user with interactive capabilities hitherto avail
able only in one's imagination. One day we may be able 
to enter a VE , navigate through its domain by moving in 
the directions we want to go, request higher or lower 
levels of abstraction and greater or less aggregation of 
information, inspect audiovisual elaborations of domain 
details , select information for analysis by pointing at 
regions of interest, speak instructions about analyses to 
be performed, listen to synthetically spoken or tonally 
constructed summaries of analyses while viewing mul
tidimensional graphs of results, and order output to be 
printed or videotaped back at our offices. 

CONCLUSION 
Virtual environment technology appears to present a 

new leading edge in the evolution of the science and 
practice of human-system interaction and integration. It 
brings us a step closer to achieving technology with 
which users can interact in intimate symbiosis to accom
plish their tasks. Achieving improved levels of task per
formance with the new technology will require advances 
in our understanding of people's information require
ments for task performance and of how best to represent 
such information for appropriate perceptual and cognitive 
assimilation and use. 
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