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(ABSTRACT)

Virtua redlity (VR) involves an attempt to create an illusion that the user of the VR systemis
actually present in a synthetic (usually computer-generated) environment. Little is known about
how various system parameters affect theillusion of presencein avirtua environment (VE). In
particular, there seem to be very little quantitative data on which to base VR system design
decisions. Also, while presence (or immersion) in VEsisaprimary goa of VR, not muchis
known about how this variable affects task performance. The goal of this research wasto provide
aratio-scale measure of perceived presencein aVE, to explore the effects of a number of
environmental parameters on this measure and construct empirical models of these effects, and to
relate perceived presence to user performance.

This was done by manipulating eleven independent variablesin a series of three experiments.
The independent variables manipulated were scene update rate, visua display resolution, field of
view, sound, textures, head-tracking, stereopsis, virtual personal risk, number of possible
interactions, presence of a second user, and environmental detail. Participants performed a set of
fivetasksin the VE and rated perceived presence at the end of each set using the technique of free-
modulus magnitude estimation. The amount of time spent in the VE was also recorded.

The resultsindicate that the VR system parameters manipulated and analyzed in this research
did affect participants subjective feeling of presence in the VE. Field of view, sound, and head-
tracking showed the largest effects. Other significant effects found were those of visua display
resolution, texture-mapping, stereopsis, and the presence of a second user. Free-modulus
magnitude estimation worked well as a measure of perceived presence. A positive relationship was
found between perceived presence and task performance, but this relationship was relatively weak.
Second-order empirical models were constructed that predicted perceived presence with moderate
success and, with less success, task performance.
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INTRODUCTION

Virtua reality, or VR asit iswidely known, has one defining characteristic that differentiates
it from every other form of human-computer interface in existence today: the goal of creating the
illusion that auser is present in avirtua environment (VE) (Ellis, 1993). While other interfaces
may use 2D (e.g., GUIs) or 3D (e.g., CAD) representations and metaphors, there is no attempt to
immerse the user in these representations or metaphors. It isthisillusion of presence (a.k.a.,
immersion) that makes VR what it is.

The concept of virtual reality is commonly credited to Ivan Sutherland (1965) who proposed
a human-computer interface that, "could literally be the Wonderland into which Alice walked."
Telerobotics (or “telefactor”, asit was then known) systems for operations in space that included,
at least conceptually, most of the technology commonly associated with modern implementations
of VR were proposed as early as 1967 (Bradley, 1967). Since the origin of this concept, the
terminology associated with thisfield has greatly expanded, together with public and scientific
interest in its potential. The terms "virtual reality”, "synthetic environment”, and "virtual
environment” are often used and are essentially synonymous; however, "virtual environment”
seems to have become the standard within the scientific community because of the somewhat
oxymoronic quality of "virtual reality”. Theincreased interest has aso driven technological
advance and diversity of VR applications. VR has been applied in entertainment, education and
training, medicine, scientific and statistical visualization, networking, tel erobotics and
teleoperation, and business applications (Ellis, 1991; Travis, Watson, and Atyeo, 1994). VR
equipment and technology range from relatively inexpensive LCD shutter glassesto relatively
expensive sensing and force-reflecting exoskel etons (Shaw, 1993). Three genera categories of
VR have emerged, each associated with various combinations of VR technology: desktop VR,
augmented reality, and immersive VR.

Desktop VR is commonly associated with CAD/CAM applications and usualy involvesthe
use of aliquid-crystal shutter (either mounted in glasses on the user's head or on the display itself)
to achieve stereops's, the presentation of a unique image to each eye. Stereopsisis used to create
retinal disparity — adifference between the images each eye seesthat is arguably a key component
of depth perception at near distances (see Patterson and Martin, 1992). Essentialy, thisliquid-
crystal shutter does the same thing as red and blue glasses did for 3D moviegoers back in the
1950s (albeit usually much better). When combined with head-coupling technology, desktop VR
has a so been called fishtank VR (Arthur and Booth, 1993).

Augmented reality refersto systems that superimpose VES (or elements of VES) upon a
user'sreal environment. These systems use see-through displays and may or may not use head-
tracking depending on the application. An example of one of these systems would be onein which
a surgeon about to operate on a patient could see virtual internal organs and bones superimposed
on the patient's real body with the virtual images based on actual data from conventional radiology
techniques. Unfortunately, the speed and accuracy of currently available tracking technology are
not adequate for most tasks to which this concept would be applied, including the example just
given (Azuma, 1993). Also, there are significant technical obstacles to be overcome in matching
vergence and accommodative cues between virtual and real stimuli.

Immersive VR isVR asit was originally conceived and VR asit is popularly portrayed in
mass media. It involves the replacement of a user'sreal environment with avirtual environment.
This VE can be synthetic or real. The latter impliestelerobotics and teleoperations and, in this
context, the term tel epresence — the illusion of presence at areal, remote location — is often used.
More often, the VE is generated by a computer. The hardware used to achieve immersive VR



usually includes a powerful image generator, a head-mounted display (HMD), and a head-tracking
system. A wide variety of other hardware components may be added to assist the user in
navigating the VE or achieving immersion. These include 3D positioning devices, 3D sound
gpatializing equipment, gloves to sense the position of a user's hand and/or fingers, and
exoskeletons or other force-reflecting control devicesto smulate the force feedback resulting from
normal interaction with solid objects. Almost invariably, these components are cumbersome and
lack the speed and resolution that users experience in everyday interaction with the real world.
However, technological advancesin many of these areas — both evolutionary and revolutionary
— seem to be occurring at rapid rate (Azuma, 1993; Kollin, 1993; Post, Sarma, Heinze, Ellis,
Larson, Franklin, Trimmer, and Rodgers, 1994).

Problem Statement

Given that presence isthe primary goal of VR and its defining characteristic as a human-
computer interface, the current lack of understanding and empirical observation concerning this
phenomenon and its relationship to user performance are remarkable. Held and Durlach (1992)
write that, "An important obstacle at present to scientific use of the tel epresence concept is the lack
of awell-defined means for measuring telepresence... What is now needed is a systematic
research effort designed to gain an understanding of the sensorimotor and cognitive factors that
determine the sense of presence.” Similarly, Barfield and Weghorst (1993) state that a series of
studies using psychophysical techniques needs to be performed to evaluate the subjective level of
presence reported by the VE participant as afunction of anumber of VE parameters. Sheridan
(1992) cites the need for research on the connection between presence and performance.
Kalawsky (1993, p. 81) writes:

"Unfortunately, there is very little scientific literature that deals with this very important subject. Thisis
further evidenced by the almost complete lack of objective measure... Idealy, we would like a set of
repeatabl e objective measures for presence that indicates the degree of presence created by a particular
system."

Travis, Watson, and Atyeo (1994) advocate a shift in focus from user immersion to user
performance as set forth in usability specifications (e.g., Hix and Hartson, 1993). However, as
these authors admit, exactly what the criteria should be for user performancein VESsisan
unresolved issue. There seemsto be alarge gap in the VR literature concerning a practical measure
of presence, the effects of VR system parameters on presence, and the relationship between
presence and performance.

The purpose of this dissertation isto at least partialy fill thisgap. Specifically, the goas of
this research areto:

1) Provide dataon avariety of VR system parameters with regard to their effects on
subjective user presence and performancein aVE.

2) Test the psychophysical technique of magnitude estimation as a measure of presence.

3) Provide quantitative datato be used in making VR system design and purchase
decisions — specificaly, to build empirica models of the variables investigated.
Idedlly, aVR system designer interested in maximizing presence could use the results
of thisresearch as a basis for decisions concerning design tradeoffs (e.g., field of view
vs. resolution).



3) Provide data with which to support and/or contradict current theories of presence.

4) Relate users subjective feeling of presencein aVE to their performance in that
environment.

Research Hypotheses
The research hypotheses being tested by this research are:

1) That the VR system parameters manipulated and analyzed in this research affect users
subjective feeling of presencein aVR system. The degree to which each of the
parameters affects presence is used to differentiate between currently existing theories,
frameworks, and hypotheses concerning presence.

2) That free-modulus magnitude estimation can be used to measure subjective presencein a
VE. Furthermore, that this measure can be used to generalize and compare results across
users, across experiments, across tasks, and across differently-configured VR systems.

3) That apositive relationship exists between a user's subjective feeling of presenceinaVE
and the user's performance of tasks within that environment.

4) That empirical models of the effects of the parameters manipulated can be constructed
based on the results of this research that will predict both presence and performancein a
VE based upon the parameters of the VR system in question.



BACKGROUND LITERATURE

Thisresearch consists of a series of studiesinvolving arelatively large number of
independent variables, psychophysical scaling of the primary dependent variable (presence), and
multiple user tasks and associated dependent measures. The following literature review is divided
into three parts. presence and tel epresence, independent variables, and dependent variables. An
effort has been made to conduct an exhaustive literature review concerning theories and measures
of presence. With regard to the independent and dependent variables, many of these variables
involvetopics (e.g., stereopsis, visual search) that are areas of human factors specialization in their
own right and only a representative sample of the literature directly relevant to the research
conducted is reviewed here.

Presence and Telepresence
Smulation and Smulator Design

While presence per se has not usually been the focus of research in the field of simulation and
simulator design, anumber of studies have investigated the issue of smulator fidelity: how it
relates to operator performance, to effectiveness of simulation and simulators, and how these are
measured. Thisissueis closely related to the current topic of presencein VEs.

Like researchersin thefield of VR, researchersin the field of smulation have often wrestled
with the question, “How much realism isenough?’ In particular, the need for realism in visual and
motion cues seems to be much debated, with a dichotomy sometimes found between user
performance and user preference or acceptance (e.g., Reid and Nahon, 1987; Rolfe and Staples,
1986). The answer to the question of how much realism is necessary seems dependent upon the
user, the user’ s task, and the purpose of the smulator. There are some who advocate the highest
simulator fidelity possible (for performance appraisal especialy) and the Federal Aviation
Administration has set standards for smulator fidelity in simulators used to license or assess flight
crew personnel (Ray, 1995). Examples have been cited in the fields of flight and anesthesiology
simulation of instancesin which less-than-perfect simulator fidelity haslater lead to critical lapses
in performance in real-world conditions (Ray, 1996). It has aso been reported that, in
mai ntenance training, user performance declines as physical fidelity between simulated and real
environments decreases (Allen, Hays, and Buffardi, 1986). However, others have concluded that
physical correspondence of simulation to reality is overemphasized for many purposes (especially
training). In support of thisview, studies are cited in which low-fidelity smulators are sometimes
indistinguishable from actual equipment in terms of transfer of training (Jones, Hennessy, and
Deutsch, 1985). Many researchers acknowledge the need for a better understanding of the
relationship between ssimulator fidelity and user performance and have called for more research in
thisarea(e.g., Jones et al., 1985).

The number of methods used to assess users subjective impressions of simulation fidelity
has varied widely. Rarely, though, have users been directly asked about the realism of a
simulation. More often, they have been asked to assess “adequacy”, “ acceptance’, “ sufficiency”
or individual characteristics of the smulation. The methods used have ranged from hash marks on
continuous lines (Kawahara, Kaoru, Watanabe, and Funabiki, 1996) to relatively untested rating
scales (e.g., Reid and Nahon, 1987) to rigorously tested and validated rating scales (e.g., the
Cooper-Harper Pilot Rating Scale and the Simulator Sickness Severity Index — see Frank, 1986
and Bailey and Knotts, 1987 for examples). There do not seem to be any published reports of
studies directly investigating the connection between a user’ s performance in asimulator and a
user’s subjective impression of ssimulation realism.



In summary, athough agreat deal more research has been done in the field of simulator
design thanin the field of virtual environment design (and certainly more is known in the former
areathan the latter), the value of realism in simulation remains somewhat undetermined and seems
to be dependent upon many variables. The approach most often taken by ssmulator designers
seemsto be that currently taken most often by virtual environment system designers: namely, to
build as much realism into the system as time and money allow.

Theories

A number of theories, taxonomies, and hypotheses have been proposed concerning factors
that influence presence in VEs and how it may be measured.

Held and Durlach (1992) consider the following items crucial to high tel epresence:

» Wide range of sensorimotor interaction — when the head or eyes move, the visual scene
must move correspondingly.

* Movement of viewed effectors — movement of the hand must correspond to the sight of
the robot effector moving.

» High correlation between kinesthetically sensed movement and movement of the robot
effectors— this correlation is hypothesized to be reduced by time delays, internaly
generated noise, and noninvertable distortions between the actions of the operator and the
sensed actions of the daverobot. They state that, "How these variables interact,
combine, and trade in limiting tel epresence and teleoperator performanceisacrucia topic
for research.”

« Similarity between visua appearance of the operator and the slave robot.

These authors further suggest, " Sensory factors that must certainly contribute to telepresence
include high resolution and large field of view.” Finally, they propose that telepresence can
increase with operator familiarization with the tel eoperation system through adaptation and learning
of system characteristics. The telepresence system transforms the operator, histask, and his
sensory environment, and the operator is required to model these transformations to interact with
the VE. Presence istherefore dependent upon the success with which the operator models these
transformations and this success is hypothesized to increase with user familiarity with the
telepresence system.

Loomis (19923, 1992b) looks at presence in terms of perception of self and nonself. Heties
these perceptions to afference recelved in response to efference. The link between afference and
efference can be nearly transparent (e.g., redirecting one's gaze and seeing a corresponding change
in visual scene) or it can be amost entirely mediated (e.g., exploring the surface of a hidden object
with ahand-held probe). Individuals often attribute sensations to externalized objects (in his
words, "distal attribution™), even though there is something mediating the link between efference
and afference. One example he citesisaTactile Vision Substitution System in which users used a
video camerato scan high-contrast objects. The signal from the video camerafed a matrix of
vibrating stimulators placed on the observer's back or abdomen. Initialy, users reported feeling
only changing vibration patterns on the torso; however, extensive practice led some to experience
the objectsin front of the camera as external objects. He even cites an anecdota case in which the
camera lens was abruptly zoomed and an observer ducked in response to what appeared to be a
looming object. Theimplication isthat users can learn to be "present” or increase their sense of



presence through learning and experience with unfamiliar characteristics of the linkage between
efference and afference. It is hypothesized that presence is determined by the success with which a
user models the linkage between efference and afference. It therefore follows that the harder this
linkage isto model, the less presence will be felt or the longer it will take to build a sense of
presence. Loomis equates "distal attribution™ (perception of objects as external) with the sensation
of presenceinaVE.

Carr and England (1993) stress that realism cannot be considered as an objective,
independent quality of the environment, but is a product of the user's interaction with the
environment. Presenceisonly partially dependent on hardware and environmental parameters.
They cite examples of movie-goers crying or exhibiting startle reactions despite relatively low
sensory fidelity. They concentrate on theories of perception and compare two: direct perception
and congtructivist. According to these authors, direct perception theory holdsthat all experience
with the environment results from direct perception of the qualities of the environment. Itis
suggested that there is an innate ability, not requiring interpretation or calculation, to see constants
in sensory patterns and that these constants are key to correct perception of the environment. The
implication of thistheory in the current context isthat presence will increase as the VE provides
more and better cues (e.g., texture, optical flow, stereopsis, and other depth cues) that allow better
modeling and perception of constants by the user. It also impliesthat artifacts that interfere with
perception of these constants (e.g., spatial or temporal aliasing) will interfere with presence.

Constructivist theories describe perception in terms of exploration of the environment.
People form hypotheses and inferences about the environment based on sensory input.
Interpretation of sensory patterns is therefore learned — not innate — and can be modified through
subsequent learning. As evidence in support of thisinterpretation, Carr and England (1993) cite
the ability of people to adjust to viewing the world through prisms and learning to perceive the
altered sensory pattern as reality (Harris, 1965). The implication of constructivist theoriesisthat
presence will increase as the user learns and model s the altered sensory pattern provided by the VE
hardware, that it will increase with users opportunities to explore the environment (e.g., with time
spent in the environment and with greater number and variety of possible interactions), and that it
will decrease with inconstancy in the VE (e.g., if head-tracking suddenly changed from 2 DOF to 3
DOF or if abouncing ball uncharacteristically shattered asit hit the virtua floor). It aso follows
that the extent of duplication of the real environment by the VE will be positively related to
presence: presence will increase as the amount of perceptual learning required by the transition to
the VE decreases.

Zeltzer (1992) suggests a taxonomy of graphic simulation systems with three orthogonal
axes: autonomy of objects/personain the environment, interaction between the user and the
environment, and user presence in the environment. He suggests that presence is independent of
autonomy of virtual objects and user interaction with the environment and dependent entirely upon
the number and fidelity of sensory input and output channels. He highlights the connection
between presence and the user's task and contends that the most important aspects of sensory input
and output with respect to presence will be the ones most important to the task performed.

Steuer (1992) discusses presence as dependent upon the following two environmental
variables:

* Vividness. The ability of the apparatus to produce a sensorially rich mediated environment.
Thisis broken down into sensory breadth (the number of senses stimulated) and sensory
depth (the resolution of the sensory channels stimulated).



* Interactivity: The extent to which users are able to modify the form and content of the
mediated environment in real time. He breaks this down into speed (the rate at which input
can be assimilated into the mediated environment), range (the number of possible
interactions available to the user), and mapping (the extent to which interaction with the
mediated environment is natural and predictable).

Both vividness and interactivity are stimulus-driven and, as such, dependent upon the
implementing technology. He calls for research into the interaction between sensory breadth and
sensory depth in determining presence and proposes that the contribution of sensory breadth to
presenceislikely to be highly task-dependent. For example, sensory breadth would be less likely
to contribute to presence for a primarily visua task than it would for atask more dependent upon
multisensory information. Finally, he states that the presence of other usersin the VE should
increase auser's sense of presence due to the normal experience of interacting with othersin the
real world and implies that, because of this, the absence of others could aid in making avirtua
experience seem unreal.

Schloerb (1995) describes atheory of presence in which presenceis either objective or
subjective. He defines objective presence as the case in which ateleoperator is objectively present
(causdlly interacts in some manner) with aremote environment. The degree of objective presence
is defined as the probability that a specified task will be completed successfully in the remote
environment. He suggests that many different kinds of objective presence are possible,
corresponding to many different tasks. Subjective presence results from ateleoperator (or VE
participant) feeling present in aremote environment or VE. The degree of subjective presenceis
defined as the probability that a user will perceive that heis physically presentinaVE. Subjective
presence is operationally defined in terms of signal detection theory using the probabilities of a user
responding that heis physically present in aVE when he either isor isnot. This definition
requires avery close match (to cause uncertainty) between the virtual and real environments. This
reguirement causes the use of this measure to be severely limited, making it impractical for use
with the vast mgjority of VEs and VR systems in use today (and in the foreseeable future). Unless
aVR system approaches redlity, atruthful participant will always respond that he or sheis
physically present in the real environment. Also, the method does not allow testing of VES or
interactions within VEs that cannot be matched in the real environment. Many VE applications
include components that cannot be duplicated in areal environment. For example, this method
could only be applied to VEs in which the participant's mode of locomotion is one that is feasible
to duplicate in area environment. Finally, thereisthe problem (admitted in his paper) of what do
between trials— put the patient to deep to prevent sensation of movement or lack thereof? While
theoretically interesting, this paper and the method described seem extremely limited in practical
use.

Citing aneed for research in this area, Sheridan (1992) states that presence may range from
helping performance to being a distraction. He suggests as measures of presence subjective ratings
similar to those used in mental workload (i.e., multifactor rating procedures), a participant's
response to unexpected or threatening stimuli, and socially conditioned responsesto virtual social
encounters (e.g., saying "Gesundheit” in response to avirtual actor's sneeze). He proposes three
principa determinants of presence: 1) extent of sensory information, 2) control of sensorsin
relation to the environment (e.g., head-tracking), and, 3) ability to modify the environment. Itis
suggested that efferent and afferent distortions affect presence, training efficiency, and task
performance, but that the extent of these distortionsis largely unknown and unresearched with the
exception of time delay. He advocatestraining efficiency and task performance as performance
measures to be associated with presence in future research. In hislatest paper on thistopic,
Sheridan (1996) reiterates these ideas and extends his proposed measures of presence to include



one that would equate presence with the probability of a user discriminating between real and
virtual environments. He cites Schloerb (1995), but, rather than improving a virtual environment
until it becomes indistinguishable from areal environment, he advocates degrading the real
environment until it becomes indistinguishable from the virtual. While this seemsamorerealistic
and feasible approach than that proposed by Schloerb, it is still difficult to imagine a system that
could add noise to areal environment — especially in dimensions such as sensor control and
ability to modify the environment — that would not be prohibitively expensive and complex,
especialy given currently available technology.

In aresponse to Sheridan (1996), Ellis (1996) points out that, for Sheridan’s measures and
three-determinant concept of presence to be useful, the dimensions must be quantifiable
(preferably, in hiswords, into “isopresence conditions’). He also questions the entire premise that
presence should be agoa of VE designers, contending that the usefulness of presenceinaVE
application should be known before it is made agoal of VE system design. In support of thislast
contention, he cites examples of interfaces and tasks in which user performance was improved by
altering the interface in ways actually designed to decrease presence (e.g., changing the user’s
frame of reference from egocentric to exocentric).

Data

There are surprisingly few studies that have attempted to collect data concerning the
experience of presence. Thosethat exist have largely been of an exploratory nature. Although
many authors have stated the need for studies of factors influencing presence and/or areplicable
measure of this phenomenon, few have yet been published.

Heeter (1992) separates presence into persona presence (extent of afferent/efferent fidelity
combined with suspension of disbelief), socia presence (extent to which virtua actors react to the
user's presence in the VE), and environmental presence (extent to which the environment reacts to
the user's presence within it). She quotes anecdotal evidence for responsiveness to movement as
more important than display resolution in determining personal presence. She also cites anecdotal
evidence for head-tracking and representation of avirtual body as important to personal presence.
She suggests, like many authors, that experience is aso afactor determining personal presence.
Her suggestion of "social presence” implies that acknowledgment by others (real or simulated) of
the user's presence within the virtual world strongly contributes to presence. She even speculates
that an environment that is more responsive to the user than the real world (e.g., aroom that
verbally greetsthe user asit is entered) could evoke greater presence than an environment that
attemptsto strictly model the real world.

In exploring these hypotheses, she conducted questionnaires of BattleTech and ENTER 3D
participants. BattleTech isalocation-based entertainment application of VR in which the user
enters asimulation of the cab of acombat robot and interacts with the VE and other participants
through the displays and controls of the smulator. ENTER 3D is an application in which users
stand in front of a blue screen and see themsel ves superimposed upon the VE on atelevision
monitor several feet away. The virtua world then interacts with the image of the user on the
monitor. One common, strong finding from both questionnaires was participants preference for
participation with othersin the virtual world. ENTER 3D participants expressed a strong desire for
more interactions with the virtual world and more complex interactions. It should be noted that
both of these applications are quite different from immersive VR applicationsinvolving an HMD
and head-tracking, and the results of these questionnaires may not be generalizable to immersive
VR applications.



Barfield and Weghorst (1993) propose a conceptual framework for presence in which
attentional resources mediate the influence of several factors on presence. They emphasize that
attention must be allocated to an aspect of the VE for it to affect presence. Factors affecting
presence in their framework include display fidelity, environmental stability, sensory bandwidth,
interactive fidelity, person variables, task variables, and context variables. Potential indicators of
presence suggested include subjective assessment, physiometric indicators (e.g., heart rate
variability), virtual world task performance, natural world task performance, frame of reference
conflict resolution (i.e., which way aconflict is resolved when information from the real and
virtual worlds conflicts), and context reorientation time or degree of disorientation in transitioning
between real and virtual environments. Among the display fidelity examplesthey cite are spatial
resolution, contrast resolution, field of view, optical distortion, stereopsis, and lighting and
shading models. They suggest dual-task measures and workload-type measures as presence
measures based on the assumption that greater presence is associated with allocation of more
attention to virtual stimuli. Unfortunately, there is the danger that the outside distractions
associated with these measures could decrease or even eliminate the very phenomenon they attempt
to measure.

Barfield and Weghorst (1993) conducted two studies. In the first study, subjects were given
interactive flythroughs of two virtual worlds. A subsequent questionnaire included three presence-
relevant ratings (rating scale was 1-10): "Sense of being there”, " Sense of inclusion in the virtua
world", and, "Sense of presence in the virtual world". They found relatively low correlations
(absolute value ranging between 0.20 and 0.50) between these measures and other items. The
genera pattern of their results indicates a negative relationship between presence and being lost,
and positive rel ationships between presence and equipment comfort, ease of navigation, visua
display color quality, clarity of the visual image, and overall enjoyment of the experience. Their
second study investigated primarily social issues with mixed results. The onerelatively clear
finding of this study was a positive relationship between feeling like a part of the virtual world and
the enjoyment subjects derived from designing and building the virtual world.

Waldern (1993) discusses VE strategy and gives anecdotal evidence concerning presence
resulting from experience with entertainment applications of VR. He contends that the following
increase presence:

 Sensory fidelity, with emphasis on the importance of updating the VE in real time and
avoiding perceived lag.

* Presence of other users within the environment.

» Consistency of sensory modalities. He uses examples of, 1) walking into avirtual cave
and hearing one's own voice and the voices of others begin to echo, and 2) hearing one's
own voice and the voices of other players modified to match visual appearances within the
virtual world (e.g., the voice of the person playing atall, burly warrior should be modified
so that everyone in the VE hearsit with deep, bass tones added).

Slater and Usoh (1993a, 1993b, 1993c, 1993d) discuss presence in terms of exogenous
(technol ogy-dependent) and endogenous (participant-dependent) factors. They suggest the
following factors as important to exogenous presence:

* High resolution information presented to the appropriate sensory organs, with the
information received through channelsto all sensory organs describing a consistent world.



« Information free from signals that indicate the existence of the input devices or display.

A wide range of interactions based on movement of the subject's sensory organs, with the
operator able to see the effect of moving hislimbsin the VE.

* A high correlation between movements of the operator sensed directly and the actions of the
representation of the personinthe VE.

 An ability to change the VE.

» A similarity invisua appearance between the subject and his representation in the VE,
including the subject's identification between his own body and that of the representation.

 Adaptation through learning over time, and consequent increase in subject familiarization
with the relationship between motor actions and feedback through the input channelsto the
Senses.

* That the feedback loop from operator to system to operator forms a consistent and lawful
whole (afference lawfully related to efference and vice-versa).

* That the linkage between afference and efference be simple enough for the subject to model
given time.

» Objectsin the VE spontaneously respond to the subject.

* Participants ability to move around in the VE.

* Presentation of a scenario or eventsthat, if presented in everyday reality, would normally
result in an assessment of their personal relationship to those events; in particular, the implications
for their own state of mind or body. Facing the subject with a potential danger is one way of
realizing this.

The four papers cited above resulted from one exploratory study. The independent variable
manipulated in this study was representation in the VE of the user: by means of avirtual body or
simply asa 3D arrow. Participants went through six virtual roomsin which they:

 Navigated through aroom cluttered with furniture.

* Reacted to objects flying toward their face or body.

» Were turned virtually upside down.

* Built astructure from blocks.

» Walked a plank over avirtua precipice and dropped arock onto a checkerboard-patterned
floor below.

The dependent variables in this experiment consisted of subjects responses on
guestionnaires. In one part of the questionnaire, subjects were asked to rank perceived presence
on asix-point scale. Another part of the questionnaire asked two free-response questions
concerning factors that increased or decreased presence. In addition, they tracked users’ responses
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(physical and verbal) to dangerous virtual stimuli (i.e., objects flying at them, the virtual
precipice), user reaction to an outside noise caused by the experimenter, and reaction to a socially-
conditioned response (being asked the time by avirtua actor).

Their results are limited by the preliminary nature of the study: a number of things they
expected to happen did not, and vice-versa. For example, subjects often were turned the wrong
way when objects flew at them in the flying object room and so did not see the objects. Also,
experimenters noted that, when asked the time by the virtual actor, many subjects looked for their
watches and were confused by the absence of avirtual watch on their virtual wrists. The authors
conclude that this particular metric destroyed the phenomenon it was attempting to measure by
calling subjects attention to the discrepancy between the real and virtual worlds.

Slater and Usoh’ s results may be summarized as follows (the percentages reported are based
on 17 subjects):

Table 1. Slater and Usoh's results.

To what extent did you experience | Were there any circumstances that | Were there any circumstances that

asense of being "really there" especially increased your sense of | especially decreasad your sense of

inside the virtual environment? being "really there'? being "really there'?

1) Notat al really there  5.9% | 1. Being able to move 35.3% | 1. Outside events 23.5%
around (including instructor)

2) Thereto asmall 11.8% | 2. Interacting with 41.2% | 2. Screen/ updates/lag  35.3%

extent objects/doing atask / resolution

3) Thereto someextent  29.4% | 3. Great concentration 5.9% | 3. Thingsdon't behave  58.8%
naturally (laws of

physics are violated)
4) A definite sense of 17.7% | 4. Mention of body 17.7% | 4. Things aren't done 52.9%
being there (exp. group only) naturally
5) A strong experience of 29.4% | 5. Being on plank ("fear 64.7% | 5. Body doesn't behave  17.7%
being there reaction™) naturally (exp. group

only)

6) Totally there 5.9% | 6. Being upside down 5.9%

Based on these results, responses to other questions on the questionnaire, and anecdotal
reports by subjects and experimenters, they reach the following conclusions:

* Presence of avirtual body increases presence, moreso for females than males.

* Presence increases with perceived risk to the virtua self, interaction with the environment,
and sensory fidelity.

* Presenceis decreased when attention is drawn to outside events.

* Presenceis decreased by unrealistic behavior of objects (including the virtual body) in the
environment.

* Presence was lower in individuals who mentioned problems with the display (e.g., update
rate and/or resolution).
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» Sdf-report of tendency toward motion sickness was positively related to reported sense of
presence.

In alater study, Slater, Usoh, and Steed (1994) had twenty-four subjects engage in avirtual
fairy-tale adventure. They manipulated whether gravity applied to objects or not, whether subjects
saw avisua cliff, whether avirtual actor followed the subject during part of the adventure, how
many environments subjects were exposed to (2, 4, or 6), and whether subjects transitioned from
environment to environment via doorways or by donning another — virtual — HMD. The
measures of presence in this study were subjects responses to the following three questions on an
anchored 7-point scae:

* In the computer generated world | had a sense of "being there" ... (1 =not at all, 7 = very
much).

» To what extent were there times during the experience when the computer-generated world
became the "reality" for you, and you almost forgot about the "real world" outside? (1 = at
no time, 7 = very much).

» When you think back about your experience, do you think of the computer-generated world
as something that you saw, or more as somewhere that you visited? (1 = something that |
saw, 7 = somewhere that | visited).

They set the presence score for each person as the number of responses greater than or equal
to six on all three questions. Thisyielded arange of scoresfor each subject from zero to three.

Based on this measure, they found no significant effects (alogistic regression with a = 0.05 was
used) of any variables except for mode of transition between environments. The visua cliff, the
virtual actor, and presence of gravity did not significantly affect subjects responses. This seems
to directly contradict their previous findings (Slater and Usoh, 1993a, 1993b, 1993c, 1993d).
Time spent in the environment also was not a significant factor. They expanded their measure to
include responses greater than or equal to five and constructed a combined score based on a
principal components analysis of the raw scores. In both cases the results (or lack thereof) were
the same asfor theinitia analysis. Inlight of this, it seems difficult to reconcile this study with
their previous work.

Singer and his colleagues (Singer and Witmer, 1995; Singer, Witmer, and Bailey, 1994)
have focused on the formal construction and validation of a Presence Questionnaire. They
administered this questionnaire to subjects in four experiments, conducted by various researchers
and using various environments (one of which was a superset of the VE used in the current
experiments). Based on acluster analysis of these results, they report finding three subscales
within the questionnaire that they have labeled "Involved/Control”, "Natural", and "Interface
Quality". The Involved/Control cluster contains items that ask respondents how well they felt able
to control eventsin the VE, whether the VE seemed responsive to actions, the extent to which the
visual aspects were involving, and how involved in the experience the respondent became. The
Natura itemsinvolve the extent to which interactions felt natural, the extent to which the VE was
consistent with reality, and how natural movement control was. Interface Quality items address
whether controlsinterfered with or distracted from task performance, whether the display
interfered with or distracted them from task performance, and the extent to which they felt able to
concentrate on tasks. Based on statistical analyses of the Presence Questionnaire, they conclude
that it isareliable scale that measures at |east some aspects of presence. While the Presence
Questionnaire seems a useful tool for studying presence, it has the following disadvantages:
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* It necessitates some delay between the experience of presence and subjects report of
presence. Thisraisesthe possibility of primacy and recency effectsin recal of the
experience and allows subjects to forget (perhaps key) aspects of their experience.

* It necessitates interrupting or ending subjects experience in the VE and removing them
from the VE to report their sense of presence.

* Itislessefficient than the method (magnitude estimation) proposed for usein the current
research, requiring more time for both measurement and analysis.

I ndependent Variables

Independent variables were chosen on the basis of two generd criteria: relevance to the
theories of presence reviewed above and relevance to VR system design. One of the primary goals
of thisresearch wasto provide VR system designers with a useful design tool in the form of
empirical models of presence. Each of the eleven independent variables manipulated (with the
possible exception of virtual personal risk) is associated with some cost. The cost might be
measured monetarily, in processing time, in programming time, or in system weight or
complexity, but each isinvolved in some tradeoff that a VR system engineer must consider during
system design. The independent variables were manipulated in a series of three experiments. To
the extent that experimental design constraints and variable levels allowed, an attempt was made to
group variables in these experiments so that key design tradeoffs (e.g., field of view vs. display
resolution) could be directly examined. The following review groups these variablesinto the same
groupings used in the experimental series.

Experiment 1: Field of View, Resolution , Scene Update Rate

These three variables were manipulated in Experiment 1 to determine their joint and separate
effects on presence and performance. The primary reason for including these variablesin this
experiment was because they are al continuous. In addition, there is a direct tradeoff between field
of view and resolution in most HMDs: as one adjusts the optics of an HMD to achieve alarger field
of view, the size of each pixel in the display is aso enlarged and the resolution of theimageis
decreased. VR system designers must generally decide how much of oneis desired at the expense
of the other. These three variables have been proposed by a number of researchers as factors that
influence the depth of presence in aVE, often under the general rubric of realism or sensory
fidelity. Therefore, manipulation of these variables would seem valuable from the standpoint of
testing the sensitivity of magnitude estimation as a measure of presence and discriminating among
existing taxonomies and theories of presence.

In one oft-cited study, Hatada, Sakata, and Kusaka (1980) studied the effect of field of view
of two projected static scenes (a bridge and an open field) on subjective imagettilt, head and eye
movement, and "sensation of reality” as measured by a subjective seven-point scale ranging from
-3t0 +3. They describe no statistical analyses, description of the population sampled, or sample
size. However, the graph of their results with respect to field of view appearsto indicate the
beginning of an asymptote for "sensation of reality” at approximately 62°. Thereisonly one data
point after this (at approximately 72°) and it is therefore difficult to discern whether this asymptote
isactual or an artifact resulting from sampling error.

Psotka, Davison, and Lewis (1993) contend that immersion may be defined as the degree of

compatibility between the location of self in the real world and the location of self inavirtua
world, and equate high compatibility with high immersion or presence. They had 14 subjects view
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avirtua room from four different geometric fields of view (GFOVs) and two fields of view. The
subjects viewpoint circled the room asthey did this and they were later asked to draw the path of
the viewpoint on a 2D overhead picture of the room. Their results indicate that subjects appeared
to use the frame of the monitor as the frame of reference for their visual field: they treated the
contents of the frame asif it were their entire 200° field of view. Perceived station point of the

viewpoint (in mm) corresponded to (180, GFOV) timesthe actua station point of the viewers
eyes. Unfortunately, their paper contains no statistical analysis and they did not attempt to directly
measure subjective presence in the VE. Also, the presence of amonitor (and frame) would seem to
hinder generalization to immersive VES.

McGreevy (1993, 1994) conducted ethnographic studies of field geologists at work in real
terrain with and without mediation by an HMD. In thefirst study he placed two subjectsin "a
Mars-liketerrain." The HMD used displayed the input of two video cameras mounted on the
subject's head. This HMD was monochrome, had afield of view of 25" H x 20° V, addressability
of 200 lines (6 arcmin/line), and stereoscopic capability; however, the mode used in the studies
was biocular (nonstereoscopic). Hisresults are entirely anecdotal and descriptive due to the nature
of the studies (ethnography). Subjects reported strongly negative feelings toward the narrow field
of view in connection with their ability to navigate, maintain spatial orientation, and establish the
context of the environment (i.e., maintain amental model of the site). They compensated
somewhat by increasing scanning behavior and "measuring” distancesin paces. They also
compensated for limited resolution by moving their heads closer to objects of interest; however
some tasks (e.g., differentiation of sand and silt types at a distance) were rendered extremely
difficult despite these compensation strategies. Both subjects felt that their task could not be
performed without color. Based on these observations McGreevy stresses the importance to
presence and performance of continuity of, 1) the environment, 2) objects within the environment,
3) task context and context-component relationships, and, 4) interaction with or observation of the
environment. McGreevy's second study (1994) again involved two field geologists, but without
any interference or environmental mediation. This data also consisted of interviews and
observations. He concludes that these observations also support his earlier hypotheses concerning
continuity.

Wells and Venturino (1990) studied the effect of HMD field of view on responsetimein a
visual search task involving target detection in arelatively sparse visua environment with a
variable number of distractor targets. The fields of view tested were 20°Hx 20’ V, 45 Hx 425
V, 60" Hx 50"V, 90" Hx 60"V, and 120° H x 60° V. However, this manlpulatlon wasdonein a
somewhat unconventiona manner: the specified fields of view were more "fields of target
visibility" that were superimposed on a120° H x 60° V view of the VE, which was visible
throughout each experimental session. Because of this, Wells and Venturino's subjects may not
have experienced the same negative effects of narrow field of view with regard to spatial
orientation and environmental context described by McGreevy (1993, 1994). Wells and Venturino
(1990) found that search time increased with decreasing field of view and that this effect interacted
with the number of distractors:. the negative impact of decreased field of view was greater in
conditions with more distractors. In the condition with the greatest number of distractors (three
targets and six distractors), performance in the narrowest field of view condition was poorer by
roughly 25% in comparison to the widest field of view condition. No significant effect of field of
view was found in the condition without distractors.

Inasimilar study, Piantanida, Boman, Larimer, Gille, and Reed (1992) examined the effect

of field of view on avisual search task using asomewhat low-resolution (13 arcmin/pixel) visual
display. Thefields of view studied were 14°, 18°, 41°, 53° (all using acircular aperture), and 80°
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H x 60° V (using arectangular aperture — the limit of the HMD used). Three of the authors
served as subjects. They found significant effects of field of view and presence of distractors, but
only for distractors that were the same color asthe target. Plots of search times by field size (in
sguare degrees) for each subject were well-fit by parallel linesin log-log coordinate plots. The
slope of these lines, and thus the exponent of the power function describing the relationship to
reaction time was roughly -0.4. Thiswas aso true for areanalysis they performed of the data
reported by Wells and Venturino (1990).

Cha, Horch, and Normann (1992) studied field of view and pixelized vision in a mobility
task similar to the locomotion task used in the current research. The environment used was
relatively sterile, consisting entirely of white backgrounds and black obstacles; however, they
found that near-normal walking speeds could be achieved through an obstacle course with afield
of view of 30° and a 25 x 25 array of pixels. They note that increasesin field of view or the
number of pixels beyond these levels had little effect on walking speed. An interesting finding
reported in this paper is subjects ability to adapt to the pixelized, narrow-field-of-view vision
system used. During 50 traversals of the obstacle course, subjects average speed increased from
0.2 to 0.6 meters per second, while the average number of contacts with obstacles decreased from
nineto three. Thisfinding suggests an ability to adapt to sensory limitations such as those
normally associated with current VR technology. Draper, Fujita, and Herndon (1987) found that
increasing display resolution (from NTSC to HDTV — approximately doubling the number of
raster lines) decreased errors in remote handling and remote inspection using a tel eoperation
system. In generd, it has been acommon finding that increasing display resolution (or image
quality) leads to corresponding increases in performance, at least for moderately demanding visual
tasks (Snyder, 1988).

In the third of three experiments, Arthur and Booth (1993) manipulated two components of
lag: scene update rate (a.k.a., frame rate) and tracker lag. Scene update rate was 10, 15 or 30 Hz.
Subjects performed a 3D tree-tracing task with stereopsis and head-coupling active throughoui.
They found that performance suffered with lag: aregression of log response time based on total lag

yielded an R2 of 0.57. This same regression using scene update rate alone yielded an R2 of 0.45.
The nature of the system (fishtank VR) and lack of dynamic stimuli (two static scenes were used)
make generaizationsto immersive VR tenuous. It seemslikely that the effects of lag would be
exacerbated by moving stimuli.

Ware and Balakrishnan (1994) report asimilar study in which they manipulated frame rate to
determine its effects on a 3D positioning task. Subjects moved a cursor to atarget along either the
X axisor Z axisin avariation of aFitts Law task using a hand-held, 6-DOF positioning device.
They tested frame rates of 0.66, 1, 2, 3, 5, 10, and 15 Hz and found that average movement time
asymptoted at aframe rate of between 5 Hz and 10 Hz, decreasing from seven seconds in the 0.66
Hz condition to roughly three secondsin the 5, 10, and 15 Hz conditions.

It has been stated that conventional wisdom for computer graphics holds that ten updates per
second are required for perception of smooth motion, but that researchersin the field often admit
informally that thisis not really enough (Ware and Balakrishnan, 1994). Datafrom the smulation
community indicate that user performance in and acceptance of asimulation begin to decrease with
time delays beyond approximately 100 ms (e.g., Bailey and Knotts, 1987; Merriken, Riccio, and
Johnson, 1987). Evidence has been found that delay in asimulator’ s visual system has a greater
negative impact on user performance than delay in a ssimulator’ s motion system (Frank, 1986;
Frank, Casali, and Wierwille, 1988). Increasing lag or decreasing scene update rate has been
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found, in general, to decrease performance of tracking and remote manipulation tasks (Held and
Durlach, 1991).

Experiment 2: Sound, Textures, Head-Tracking, Stereopsis, Virtual Personal Risk

These five variables were manipulated in Experiment 2. They were selected for inclusionin

this experiment because they could all be defined as present or absent and thus accommodate a 25-1
fractional factorial design. Thefirst four variables have been proposed by several authorsto
increase the realism or fidelity of aVE, thusincreasing presence. In particular, head-tracking isa
variable often cited asincreasing presence, with reference made to the importance of the
correspondence between what a user does and what a user sees (a.k.a., the connection between
efference and afference). Theinclusion of sound as a variable goes to the heart of Steuer’s (1992)
concept of vividness and sensory breadth: that presence should increase as more senses are
stimulated by aVE. Virtual personal risk is another variable proposed by several authors (e.g.,
Slater and Usoh) as afactor that should increase perceived presence. It was hoped that
manipulation of these variables would therefore prove useful in testing the sensitivity and validity
of magnitude estimation as a metric of perceived presence.

Arthur and Booth (1993) investigated stereopsis (as applied to fishtank VR) using a 3D tree-
tracing task. In thefirst of three reported experiments, seven subjects used pairwise comparisons
to establish subjective preferences concerning "best perception of 3D space" among afactorial
combination of stereoscopic and head-coupled conditions. It was found that the order of
preference was, 1) head-coupling without stereopsis, 2) head-coupling with stereopsis, 3)
stereopsis without head-coupling, and, 4) neither.

Subjects performed the same task in a second experiment . Performance, as measured by
time to complete the task and error percentage, was best in the head-coupled stereoscopic
condition, followed by the head-coupled only, stereoscopic only, and no depth cue conditions. As
the authors point out, the beneficia aspects of head-coupling, both for subjective preference and
for performance are likely enhanced by the presentation of static scenes. Moving scenes could do
for the user much of what he isforced to do for himself with head movements (e.g., assess
parallax) when viewing a static scene.

Chung (1992) reports a study in which he compared head-tracked and non-head-tracked
steering modes in atask involving targeting of radiotherapy treatment beamsinaVE. Subjects
ranked four head-tracked steering modes and three non-head-tracked steering modes in ease of use
and preference. Their performance of the task was timed. He found no significant performance or
preference differences between head-tracked and non-head-tracked modes, but noted alarge
amount of inter-subject variability that may have masked these effects. He also found no
significant correlation between subjects performance in a given mode and their rankings of
preference and ease of use for that mode.

Ehrlich and Singer (1994) found that neither stereopsis nor head-tracking significantly
improved performance of avariety of tasksinaVE. Thetasksthey used were tracking,
locomotion, object manipulation, and distance estimation tasks from the same set of tasksused in
the current studies (the Virtual Environment Performance Assessment Battery or VEPAB —
proposed by Lampton, Knerr, Goldberg, Bliss, Moshell, and Blau, 1994). Similarly, Lampton,
Knerr, et al. (1994) report that, contrary to their expectations, there was no apparent benefit of
stereopsisin a distance estimation task even for stimuli at short distances.
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Based on the results of a study designed specifically to test for differential effects of
stereopsis, Hsu, Pizlo, Babbs, Chelberg, and Delp (1994) suggest that — when confounding
influences such as varying viewing conditions, image intensity differences, ghosting, flicker,
speed-accuracy tradeoff, subjects stereoacuity, and the degree of task difficulty are removed —
stereopsis increases the sengitivity and specificity of observer performance. The task they used
involved detecting subtle features in simulated X-ray transmission images.

Combining a secondary task with avisua search task, Zenyuh, Reising, Walchli, and Biers
(1988) found that stereopsisincreased accuracy performance on the visual search task, but did not
affect responsetime. The benefit of stereopsis increased with the difficulty of the search task (i.e.,
as the number of distractorsincreased). Stereopsiswas associated with a 26% increase in accuracy
in the condition with the greatest distractor density. Further, they found that including stereopsis
as adepth cue resulted in a performance gain roughly equivalent to that produced by inclusion of
relative size information.

Theinteraction of stereopsiswith other depth cues was examined by Reinhart, Beaton, and
Snyder (1990). Stereopsis, relative size, luminance, and interposition were factorially manipulated
in asimple relative depth judgment task. They found that stereopsis did not significantly affect the
speed of subjects judgments, while the other three variables did. Error data showed asimilar
trend. In contrast, they found that stereopsis dominated subjects ratings of depth imaging quality:
subjects rated the image quality of the display with respect to ability to determine depth much
higher in stereoscopic conditions. One notable difference between the studies of Reinhart et a.
(1990) and Zenyuh et al. (1988) isthat of task difficulty: this further supports the suspicion that
beneficial effects of stereopsisincrease with the difficulty of a subject's task.

Much work has been done on the achievement of 3D, externalized audio in VEsand it has
been shown to enhance localization of virtual stimuli (see Wenzel, 1992). However, there have
been no reports to date of examinations of the effects auditory stimuli on perceived presence or
performance of nonauditory tasks. Anecdotal evidence that suddenly-deafened adults experience a
decreased sense of presencein the real world, or afeeling “that the world had taken on a strange
and unreal quality,” has been reported by Gilkey and Weisenberger (1995). Except for the works
of Slater and Usoh (1993a, 1993b, 1993c, 1993d, 1994), thereisa similar lack of work on effects
of texture and virtual personal risk. Evidence from the flight smulation literature seems mixed
with regard to the effects of texture-mapping (Padmos and Milders, 1992). Textures have been
found to improve performance in ssmulated helicopter flight, nap-of-the-earth flight, and sailing
(Padmos and Milders, 1992).

Experiment 3: Interactions, Other Users, Environmental Detail

These three variables were factorially combined in Experiment 3. "Interactions’ as used here
refersto the number of interactions possible between the user and the VE. Environmental detail is
equated with the magnitude of the distancing factor in the VE software’ s distancing algorithm.
This algorithm replaces an object with areplica of greater or lesser detail (i.e., more or fewer
facets) as the user’ s viewpoint draws closer to or farther away from the object. Asthe specified
detail level isincreased, the distance from the viewpoint at which objects are replaced with more
detailed replicas also increases. Thisissimilar to the “level of detail” feature often found in
simulator image-generating systems as described by Padmos and Milders (1992). Environmental
detail directly affects the number of polygons processed by the image-generating system and
therefore the speed with which aVE application runs. This, in turn, directly affects the rate at
which a user receives feedback concerning actions (including navigation) taken within the VE.
System costs associated with interactions and including other users consist mainly of increased

17



development time and overall complexity of the system needed to program and run the VE
application. Environmenta detall, like severa of the other variables manipulated in the this
research, fallsinto the general category of realism or fidelity. However, the other two variables
manipulated in this experiment are not generally viewed asfalling into this category. Indeed,
Zeltzer (1992) claims that they should have no influence on presence at al, while others (e.g.,
Heeter, 1992) have stated just the opposite. Manipulation of these variables therefore seems useful
in helping to determine which of these views is most correct. It was expected that, to the extent
that these variables do affect presence, they would prove useful in testing the measure of presence
proposed in this research (magnitude estimation) and, consequently, in testing the relationship
between presence and performance. Thisrationale holds, to some extent, for all eleven variables
manipulated in the experimental series.

Other than that already reviewed, there has been very little work done examining the variables
manipulated in Experiment 3. Atherton and Caporael (1985) report studying the effects of
environmental detail by obtaining subjective judgments of the "form faithfulness’ and aesthetic
appeal of spheres composed of varying numbers of polygons. They found asymptotesin judged
form faithfulness and aesthetic appeal at roughly 200 polygons, with ratings above the midpoint of
their scale first occurring at approximately 100 polygons. The two judgments were highly
correlated. While computer-supported cooperative work has been atopic of much researchin
recent years (e.g., Green and Williges, 1995; Wexelblat, 1993), there has apparently been little
research done on the effects of other users on perceived presence or on performance of
noncooperative tasks. Similarly, no research has yet been reported directly examining the
relationship between the interactivity of aVE and the resulting sense of presence.

Time Spent in the Virtual Environment

While it was not manipulated, time spent in the VE was recorded during all three experiments
so that an analysis of the effects of this variable could later be done. Other than the literature
reviewed above (e.g., Chaet al., 1992; Slater and Usoh, 1994), no research has yet been
published containing a direct examination of the effects of time spent in aVE on either presence or
performance.

The current state of the literature with respect to theories and data concerning presence, then,
may be summarized as follows:
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Table 2. Current state of the presence literature.

Proposed to Influence Relationship Based Upon Available Evidence
Parameter Presence By: Performance Presence

Held and Durlach (1992)
Barfield and Weghorst (1993)
FOV Sheridan (1992) positive (visua search) positive
Zeltzer (1992)
Steuer (1992)
Psotka et al. (1993)

Held and Durlach (1992)

Sheridan (1992, 1996)
Display Zeltzer (1992) positive (for demanding positive
Resolution Steuer (1992) visual tasks)

Barfield and Weghorst (1993)

Slater and Usoh (1993)

Held and Durlach (1992)
Scene Update  Carr and England (1993) negative negative
Rate Sheridan (1996)

Steuer (1992)

Waldern (1993)

Sheridan (1992, 1996)

Sound Zeltzer (1992) ? ?
Steuer (1992)
Gilkey and Weisenberger (1995)

Carr and England (1993)

Textures Proposed by many cited authors ? ?
under the general rubric of
"sensory fidelity"

Head-Tracking Held and Durlach (1992) positive ?
Sheridan (1992, 1996)

Stereopsis Carr and England (1993) mixed — positive for ?

Barfield and Weghorst (1993) demanding tasks
Virtua Slater and Usoh (1993) ?
Personal Risk

mixed

Sheridan (1992, 1996)
Carr and England (1993)
Interactions Steuer (1992) ? positive
Slater and Usoh (1993)
Singer et al. (1994)

Heeter (1992)
Other Users Steuer (1992) ? positive
Waldern (1993)

Proposed by many cited authors
Environmental under the genera rubric of ? ?
Detall "sensory fidelity"

Held and Durlach (1992)
Time Spentin  Loomis (1992) positive ?
the VE Carr and England (1993)

Slater and Usoh (1993)
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Dependent Variables

A primary goal of the research conducted was to establish a quantitative, replicable measure
of the subjective experience of presencein aVE. Another goa wasto relate this measure to
performance in the VE. The dependent variables needed in the studies therefore included measures
designed to satisfy these goals. These are described below.

Magnitude Estimation

It is no more possible to directly measure the sensation of presencein aVE thanitisto
directly measure sensations of loudness or brightness. A quantitative value may be assigned to
stimuli presented to a subject and to responses made by a subject, but the subject remains
something of a black box with respect to measurement of the sensations produced by the stimuli
that (presumably) form the basis of the response. The magnitude of the sensation corresponding to
any given value of a stimulus must be inferred from the subject's behavior. Mapping the
relationship between physical stimulus and psychological response is the focus of the field of
psychophysics. A great deal of effort has been devoted to thisfield since itsinception in the mid-
1800s (see Gescheider, 1985), resulting in a number of psychophysical techniques designed to
associate quantitative values with subjective sensations. The purpose of these techniquesisto
quantitatively map the psychological response produced by physical stimuli. Magnitude estimation
isone of these techniques.

Magnitude estimation isaform of "ratio scaling” or "direct estimation” proposed by S. S.
Stevens (1953, 1955). In thistechnique, subjects are presented with a series of stimuli and asked
to assign anumber to each based on their subjective impressions of the intensity of each stimulus.
The only restriction imposed on the numbers assigned is that they be positive. Two ways of
implementing thistechnique are, 1) for the experimenter to define amodulus (or anchor) for the
scale (e.g., the experimenter presents a standard stimulus and tells the observer that it has some
standard numerical value) and, 2) for the experimenter to allow the observer to define his own
modulus. Inthe latter case, the observer istold to assign any value to the first stimulus that seems
appropriate and then assign successive numbers accordingly. Thislast technique is known as free-
modulus magnitude estimation and is generaly preferred over an experimenter-defined modulus
(Gescheider, 1985; Stevens, 1971). Stevens (1971) recommends one judgment per stimulus per
observer, taking the geometric mean of these judgments as the psychological scale value associated
with each stimulus when combining data across observers. Use of the geometric mean assumes
that the numbers produced by the observers represent aratio scale (see Gescheider and
Bolanowski, 1991b for a discussion of scales of measurement).

Gescheider (1985, pp. 174-181) reviews several examples of research that has successfully
used this technique: magnitude estimation has been used to create psychological scales of warmth,
pain, physiological and psychological stress, fear, and even drunkenness. Roberts (1979, p. 184)
cites studiesin which its use has been extended to the study of pleasantness of musical selections,
seriousness of crimes, and even the desirability of wrist watches. Luce and Krumhansl (1988)
include atable (reproduced below) of exponents of the power function relating subjective
magnitude estimation to physical stimulus magnitude.
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Table 3. Representative exponents of the power functions relating subjective magnitude to

stimulus magnitude.

Continuum M easured Exponent Stimulus Condition
Loudness 0.67 Sound pressure of 3000 Hz tone
Vibration 0.95 Amplitude of 60 Hz on finger
Vibration 0.6 Amplitude of 250 Hz on finger
Brightness 0.33 5’ target in dark
Brightness 0.5 Point source
Brightness 05 Brief flash
Brightness 1.0 Point source briefly flashed
Lightness 1.2 Reflectance of gray papers
Visua Length 1.0 Projected line
Visua Area 0.7 Projected square
Redness (Color Saturation) 1.7 Red-gray mixture
Taste 1.3 Sucrose
Taste 14 Salt
Taste 0.8 Saccharine
Smdll 0.6 Heptane
Cold 1.0 Metal contact on arm
Warmth 1.6 Metal contact on arm
Warmth 13 Irradiation of skin, small area
Warmth 0.7 Irradiation of skin, large area
Discomfort, Cold 17 Whole body irradiation
Discomfort, Warmth 0.7 Whole body irradiation
Thermal Pain 10 Radiant heat on skin
Tactua Roughness 15 Rubbing emery cloths
Tactual Hardness 0.8 Squeezing rubber
Finger Span 13 Thickness of blocks
Pressure on Palm 11 Static force on skin
Muscle Force 1.7 Static contractions
Heaviness 1.45 Lifted weights
Viscosity 0.42 Stirring silicone fluids
Electric Shock 35 Current through fingers
Voca Effort 11 Vocal sound pressure
Angular Deceleration 14 5-second rotation
Duration 11 White noise stimuli

The exponentsin this table represent N in Stevens now-familiar power law: B = é@NV,
where B is the psychological scale vaue, éisaconstant, and @ isthe value of the physical
stimulus. While Luce and Krumhandl (1988) advise caution in attaching meaning to the values of
these exponents (they note anumber of extraneous factors that can influence exponent values), this
table serves as agood illustration of the wide variety of sensations to which magnitude estimation
has been applied. Zwidlocki and Goodman (1980) have even gone a step further: they provide
evidencethat, at least for relatively ssimple psychological scales of loudness and line length,
magnitude estimation produces not just aratio scale, but an absolute scale. They present data
indicating that numbers themsel ves acquire subjective magnitudes some time before the age of six
and that these magnitudes are fixed after that age. Their contention isthat the subjective
magnitudes of numbers are then matched to the subjective magnitudes of stimuli presented in a
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free-modulus magnitude estimation paradigm in what is essentially a cross-modality matching task,
with "numerosity” as one of the modalities. They review a number of studies of loudness and
show that a tendency toward an absolute scale is one of the sources of bias in magnitude estimation
experiments that have used an experimenter-defined modulus. The notion of absolute sensory
magnitudes and absol ute magnitude estimation for line length and loudness has a so been
supported by Collins and Gescheider (1989).

In spite of this, one may question the meaning of the numbers assigned by individuals
participating in a magnitude estimation experiment: because an observer assigns avalue of 10 to
one stimulus and a value of 100 to another stimulus, can it really be assumed that the sensation
produced by the second stimulus is ten times greater than the sensation produced by the first? The
preponderance of the evidence gathered to date indicates that the answer isyes (Roberts, 1979). A
number of researchers have tested this assumption and found it to be valid, at least for group data.
Gescheider (Gescheider, 1985; Gescheider and Bolanowski, 1991b) cites a number of studies that
have supported this assumption by testing the additivity of magnitude estimation data. The genera
finding for data averaged over several subjectsisthat the estimated magnitude of two stimuli
presented together (e.g., the loudness of two binaurally presented tones) is equal to the sum of the
magnitude estimates resulting from each presented separately. In one key paper, Zwidocki (1983)
demonstrated additivity of magnitude estimates for group data with respect to loudness and line
length and showed that deviations from additivity in individual datawere systematic. Individuas
who demonstrated a bias in assigning numbers to perceived loudness demonstrated the same bias
in assigning numbers to line length (as measured by the exponent of the power function relating
magnitude estimates to stimulus magnitude). It has been suggested that some individuals exhibit
systematic bias in assigning numbers to sensations and that this biasis a constant for the individual
— that it does not vary with sensory modality. Although these differences have been shown to be
small and to average out in group data, it has been recommended that a measure of distortion in the
assignment of numbers be determined for each observer in a magnitude estimation experiment.
This measure is usually based on magnitude estimates of line length and can be used to determine a
bias correction factor for each observer, if needed (Collins and Gescheider, 1989; Gescheider,
1985; Gescheider and Bolanowski, 1991a). Further evidence for the validity of magnitude
estimation and for its production of ratio-scale data comes from studies that have compared
magnitude estimation with other psychophysical techniques (e.g., Verillo, 1991) and compared
psychophysical functions resulting from magnitude estimation across multiple sensory modalities
(e.g., Bolanowski, Zwislocki, and Gescheider, 1991).

Some examples of the use of magnitude estimation by human factors engineersinclude
research on perceived image quality (e.g., Ansley, 1991; Sebok, 1991), perceived image motion
(Miller, 1993), and, in an application particularly relevant to the current research, the perceived
reality of astar field (Kinkade, Snyder, and Greening, 1963). Based on the broad success of
magnitude estimation in such diverse applications, it seems reasonable to predict that it would be
successful in mapping perceived presencein aVE.

Performance

Measurement of performance implies that some task is performed on which performanceis
measured. Thetask selection criteria used in the current experiments included the following:

» Thetask(s) performed should be the same in all three experiments to allow comparison of
data across experiments and satisfy sequential experimentation constraints.
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» Thetask(s) performed should be generalizable to other tasks and applications for which VR
is commonly used.

» Thetask(s) performed should be sensitive to manipulation of the independent variables
used and al variables must fit plausibly into the task(s).

» Thetask(s) should involve areatively smple VE so that actual scene update rate can
remain at the maximum scene update rate as specified in the experimental design (of
particular concern when adding textures or increasing environmental detail).

» The task(s) performed should be relatively short.

Thislast criteria deserves some justification. Regan and Price (Regan, 1994; Regan and
Price, 1994) have investigated the frequency of occurrence and severity of side effects associated
with the use of animmersive VR system. Out of 146 subjects, 61% reported symptoms of malaise
at some point during a 20-minute immersive and 10-minute postimmersive period. These
symptoms ranged from dizziness, stomach awareness, headaches, eyestrain, and lightheadedness
to severe nausea. The symptoms caused 5% of the subjects to withdraw from the experiment
before completing their 20-minute immersive period. The highest percentage of subjects reporting
symptoms at any point was 53% after 20 minutes of immersion (the limit of immersion in the
study). Only 28% of subjects reported any sensation of nausea. It should be noted that their
experimental procedure focused subjects' attention on possible symptoms and thus possibly
increased subjects awareness of these symptoms. However, Lampton, Kolasinski, Knerr, Bliss,
Bailey, and Witmer (1994) report a series of experiments that did not focus subjects' attention on
symptoms of malaise. They conducted four experiments and recorded the incidence with which
subjects withdrew from the studies because of symptoms similar to ssmulator sickness. They aso
administered smulator sickness questionnaires following participation in each experiment. The
experiments differed in the type of display used (aVirtual Research Flight Helmet vs. a Fakespace
two-color BOOM), duration of immersion (from 20 min. to 80 min.), and subjects task and
environment (the first two experiments used the VEPAB, while the second two studies used a
building walk-through). They found that between 4% and 16% of participants withdrew from the
experiments because of symptoms similar to smulator sickness, that this withdrawal usually (94%
of the time) occurred within the first 10 minutes of immersion, and that total severity scores on the
simulator sickness questionnaire increased with timeimmersed. It appears from the graph that they
provide that an asymptote in these scores may be reached some time between 30 and 80 minutes.
In all of the experiments, subjects scored higher on oculomotor and disorientation subscales than
on anausea subscale. They found that display type affected the pattern and level of symptoms
reported, while task and environment did not. In spite of these results, they note that most users
reported enjoying the V E experiments while also reporting some level of discomfort. The results
of Lampton, Kolasinski, et al. (1994) and Regan and Price (1994) seem more than sufficient
reason to attempt to limit the amount of time subjects are required to spend immersed in a VE.

The task selection criteria used lead to the conclusion that it would be best to have subjects
perform multiple tasks. Performing multiple tasks seemed especialy fitting when considering the
generaizability of experimental results: most VEs and VR applications are quite complex and
involve performance of avariety of subtasks. Lampton, Knerr, Goldberg, Bliss, Moshell, and
Blau (1994) propose a standardized set of 21 tasks (the Virtual Environment Performance
Assessment Battery or VEPAB) to facilitate comparison of results between laboratories, hardware
and software configurations, and across experiments. Task categories proposed include vision,
locomotion, manipulation, tracking, and reaction time. Within each category they propose a
variety of tasks. They evaluated all proposed tasks in two experiments and with two different
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input devices, but with visual display only. Their criteriafor the usefulness of the tasks proposed
were performance sensitivity to differencesin input and output devices and sensitivity to practice
effects. They obtained good results with most tasks, noting large differencesin individua ability
and large variation in individual ability. They report that the variation in individua ability
decreased with time, but was not eliminated. A subset of these tasks was chosen as the overall
task that subjects performed in the current series of experiments.
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METHOD
Experimental Design

Three experiments were conducted under the constraints of a sequential experimentation
paradigm (Han, 1991a, 1991b; Han, Williges, and Williges, 1990; Williges and Williges, 1989;
Williges, Williges, and Han, 1992, 1993). Eleven variables were manipulated in three
experiments. These variables were: scene update rate, visual display resolution, field of view,
sound, textures, head-tracking, stereopsis, virtual personal risk, interactions, presence of a second
user, and environmental detail. In addition, time spent in the VE was recorded for later analysis.
The experiments and the manipulation of these variables are described below.

Experiment 1

Experiment 1 factorially combined scene update rate, visual display resolution (measured in
arcminutes per pixel), and field of view. There were three levels of scene update rate (8 Hz, 12
Hz, and 16 Hz), two levels of visual display resolution (corresponding to pixel addressabilities of
320 H x 200 V and 640 H x 480 V), and three levels of field of view (48° H x 36" V, 36" H x 27°

V,and 24’ H x 18’ V). Therewere atota of 18 conditionsin this experiment (32 x 2). Figures 1
and 2 show sample scenes from the VE in the two levels of visual display resolution, while
Figures 3 and 4 show the same scene in the medium and low field of view conditions. Three
levels of scene update rate and field of view were employed so that the quadratic effects of each
could be tested. Thetwo levels of visua display resolution tested represent the full range of
capability of the VE hardware/software system used in the experiments. The factors not
manipulated in this experiment were set at the following levels: sound = present, textures = absent,
head-tracking = present, stereopsis = absent, virtual personal risk = absent, interactions = medium,
second user = absent, and environmental detail = medium. This experimental designis
summarized in Table 4.
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Figure 1. Sample scene from the VE in the high visua display resolution condition.
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Figure 2. Sample scene from the VE in the low visual display resolution condition.
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Figure 3. Sample scene from the VE in the medium field of view condition.

28



Figure 4. Sample scene from the VE in the low field of view condition.

29



Table 4. Design of Experiment 1.

Factor Levels
X1 X2 X3 X4 X5 X6 X7 Xg Xg X10 X11
-1 0 -1 1 0 1 0 0 0 0 0
-1 0 0 1 0 1 0 0 0 0 0
-1 0 +1 1 0 1 0 0 0 0 0
-1 1 -1 1 0 1 0 0 0 0 0
-1 1 0 1 0 1 0 0 0 0 0
-1 1 +1 1 0 1 0 0 0 0 0 |
0 0 -1 1 0 1 0 0 0 0 0
0 0 0 1 0 1 0 0 0 0 0
0 0 +1 1 0 1 0 0 0 0 0
0 1 -1 1 0 1 0 0 0 0 0
0 1 0 1 0 1 0 0 0 0 0
0 1 +1 1 0 1 0 0 0 0 0
+1 0 -1 1 0 1 0 0 0 0 0
+1 0 0 1 0 1 0 0 0 0 0
+1 0 +1 1 0 1 0 0 0 0 0
+1 1 -1 1 0 1 0 0 0 0 0
+1 1 0 1 0 1 0 0 0 0 0
+1 1 +1 1 0 1 0 0 0 0 0

X1 = scene update rate: -1 = low, 0 = medium, +1 = high
X2 = visual display resolution: 0 =low, 1 = high

x3 = field of view: -1 =low, 0 = medium, +1 = high

X4 = sound: 0 = absent, 1 = present

Xs = textures: 0 = absent, 1 = present

Xg = head-tracking: 0 = absent, 1 = present

X7 = stereopsis: 0 = absent, 1 = present

Xg = virtual personal risk: 0 = absent, 1 = present

Xg = interactions. -1 = low, 0 = medium, +1 = high

X10 = second user: 0 = absent, 1 = present

X11 = environmental detail: -1 = low, 0 = medium, +1 = high

] | Indicates data point common to all three experiments

Experiment 2

Experiment 2 combined sound, textures, head-tracking, stereopsis, and virtual personal risk
in ahalf-replicate fractional factorial design. Each of the variables in this study had two levels:

present or absent. There were atota of sixteen conditionsin the experiment (25-1). In thisdesign,
higher-order interaction effects (i.e., three-way and four-way) were confounded with main effects
and two-way interactions. The sacrifice of these higher-order interactions was intentional and
acceptable given that the goal of the research was the construction of second-order empirical
models. The nonmanipulated factorsin this experiment were set at the following levels: scene
update rate = low (8 Hz), visual display resolution = high (640 H x 480 V), field of view = high
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(48° H x 36" V), interactions = medium, second user = absent, and environmental detail =
medium. This experimental design is summarized in Table 5.

Table 5. Design of Experiment 2.

Factor Levels
X1 X2 X3 X4 X5 X6 X7 Xg X9 X10 X11
-1 1 +1 0 0 0 0 0 0 0 0
-1 1 +1 1 1 0 0 0 0 0 0
-1 1 +1 1 0 1 0 0 0 0 0 |
-1 1 +1 1 0 0 1 0 0 0 0
-1 1 +1 1 0 0 0 1 0 0 0
-1 1 +1 0 1 1 0 0 0 0 0
-1 1 +1 0 1 0 1 0 0 0 0
-1 1 +1 0 1 0 0 1 0 0 0
-1 1 +1 0 0 1 1 0 0 0 0
-1 1 +1 0 0 1 0 1 0 0 0
-1 1 +1 0 0 0 1 1 0 0 0
-1 1 +1 1 1 1 1 0 0 0 0
-1 1 +1 1 1 1 0 1 0 0 0
-1 1 +1 1 1 0 1 1 0 0 0
-1 1 +1 1 0 1 1 1 0 0 0
-1 1 +1 0 1 1 1 1 0 0 0

See bottom of Table 4 for identification of factors and levels.
Defining Relationship: | = X4 + X5 + Xg + X7 + Xg =0 (mod. 2)

I | Indicates data point common to all three experiments

Experiment 3

Experiment 3 factorially combined the number of different interactions possible inthe VE (6,
12, and 18), presence of a second user in the VE (present or absent), and environmental detail (-7,
0, and +7: the magnitude of the factor applied to the VE software’ s distancing algorithm). Figures
5 and 6 show aview of aclock inthe VE in the low and high environmental detail conditions,
respectively. The facet count is shown next to “Facets’ in the dialog boxes shown in the upper |eft
of these figures. This experiment had atotal of 18 conditions (32 x 2). The nonmanipulated
factorsin this experiment were set at the following levels: scene update rate = low (8 Hz), visual
display resolution = high (640 H x 480 V), field of view = high (48" H x 36" V), sound = present,
textures = absent, head-tracking = present, stereopsis = absent, and virtual personal risk = absent.
This experimental design is summarized in Table 6.
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Figure5. View of aclock in the low environmental detail condition.
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Figure 6. View of aclock in the high environmental detail condition.
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Table 6. Design of Experiment 3.

Factor Levels
X1 X2 X3 X4 X5 X6 X7 Xg Xg X10 X11
-1 1 +1 1 0 1 0 0 -1 0 -1
-1 1 +1 1 0 1 0 0 -1 0 0
-1 1 +1 1 0 1 0 0 -1 0 +1
-1 1 +1 1 0 1 0 0 -1 1 -1
-1 1 +1 1 0 1 0 0 -1 1 0
-1 1 +1 1 0 1 0 0 -1 1 +1
-1 1 +1 1 0 1 0 0 0 0 -1
-1 1 +1 1 0 1 0 0 0 0 0
-1 1 +1 1 0 1 0 0 0 0 +1
-1 1 +1 1 0 1 0 0 0 1 -1
-1 1 +1 1 0 1 0 0 0 1 0
-1 1 +1 1 0 1 0 0 0 1 +1
-1 1 +1 1 0 1 0 0 +1 0 -1
-1 1 +1 1 0 1 0 0 +1 0 0
-1 1 +1 1 0 1 0 0 +1 0 +1
-1 1 +1 1 0 1 0 0 +1 1 -1
-1 1 +1 1 0 1 0 0 +1 1 0
-1 1 +1 1 0 1 0 0 +1 1 +1

See bottom of Table 4 for identification of factors and levels.

I | Indicates data point common to all three experiments

Subjects

Each experiment employed twelve subjects. Subjects were not alowed to participate in more
than one experiment. Subjects were screened for normal visual acuity, normal color vision, and
normal stereo acuity. Advertisements for subjects were placed on Virginia Tech newsgroups and
throughout the Virginia Tech campus. Subjects ranged in age from sixteen to forty-two with an
average age of twenty-two. Eight of the thirty-six subjects were female. Subjects were paid $5 an
hour for their participation.

Task

The subtasks chosen from those proposed by Lampton, Knerr, et al. (1994) are shown in
Table 7.



Table 7. Experimental subtasks.

Task Task Name Task Description
Category
Vison Distance Indicate when the image of ahuman figure, moving toward the
Estimation  viewer from an initial distance of 40 ft. is 20, 10, 5, and 2.5 ft.

away.

Manipulation Bins Move aball located in avertical rack of open containers (bins),
pull it out of the original bin, and push it into atarget bin.

Locomaotion  Turns Move through a series of corridors requiring aternating left and
right turns.

Vison Search Detect a target moving about the walls, floor, or celling of aroom.

Reaction Time Choice Indicate in which of four boxes an "X" has appeared.

These subtasks, performed in the order shown above, constituted the experimental task (i.e., a
tria) for each treatment condition in each experiment. The differences between the tasksused in
the present research and those described by Lampton, Knerr, et al. (1994) were minor and derived
from suggestions for changes made by these authors based upon their results or from a desireto
limit the duration of immersion in the VE (and the length of experimental sessions). For the Turns
and Choice tasks, the dependent variables consisted of time to perform the task and error rate
(errors were counted as the number of contacts with wallsin the Turnstask). For the Distance
Estimation task the dependent variables were the actual distances at each of four estimated
distances. For the Search task and the Bins task the dependent variable was response time.

Environment

The VE used in all experiments had floors with a checkerboard pattern, walls eight feet high
with narrow vertical stripes every five feet, ceilings with horizontal light panels every ten feet, and
corridors three feet wide. All measurements specified are, of course, virtual. Figure 7 shows a
cut-away, overhead of view of that part of the VE containing the first three tasks. Figure 8 shows
acut-away, overhead of view of that part of the VE containing the last two tasks. Each subject's
viewpoint was attached to an invisible “body” that measured (virtually) 16.5” front-to-back and
side-to-side.
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Figure 7. Overhead, cut-away view of VE containing the first three tasks.
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Figure 8. Overhead, cut-away view of VE containing the last two tasks.

Thefigure of 16.5” isthe same as that used by Lampton, Knerr, et al. (1994) and is based on
the 50th percentile value for elbow-to-elbow breadth for adult malesin the U.S. population
(Sanders and McCormick, 1987). Viewpoint and eye level were set at the subject's actual standing
eyelevel as measured at the start of the experiment. Thisvirtual body interacted with the
environment by colliding with walls, doorframes, and movable objects. Controlling the virtual
body through head-tracking and manipulation of a 3D control device, subjects were able to adjust
their viewpoint with four degrees of freedom: Z-axisrotation (i.e., roll) and Y -axis transation
(i.e., elevation) were turned off. Speed of rotation and trandation (i.e., sensitivity of the software
to input from the 3D control device and the position sensor) for al axes was set via software to
roughly correspond to that normally associated with walking. During immersion subjects stood at
aswiveling platform adjusted to a height comfortable to them (approximately standing elbow
height) at the start of the experiment. Their |eft hands rested on the 3D controller while a standard
2D mouse was held in their right hands. Subjects used the mouse to control a standard arrow
cursor and left-clicked with the mouse to interact with objects beneath this cursor.

In the sound = present condition, subjects were given auditory feedback when they bumped
into objects and when they clicked on interactable objects. Also, various objectsin the VE made
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context-appropriate sounds (e.g., wall-clocks ticked). In the textures = present condition, the
bins, doors, walls, and other objects within the environment were given context-appropriate
textures (e.g., wood grain for the doors) to the extent that preservation of maximum scene update
rate allowed this (see Figures 9 and 10). In the head-tracking = present condition, subjects were
able to control their viewpoint rotationally by moving and turning their heads. In the head-tracking
= absent condition, viewpoint control was possible via manipulation of the 3D controller only. In
the virtual personal risk = present condition, the rear doors of an elevator that carried subjects from
the room containing the Search task to the room containing the Choice task were absent. In this
condition these doors were replaced by ayellow and black striped warning bar and subjects could
view the room and hallway below as they descended the five (virtual) stories down to the next task
(see Figures 11 and 12).

Figure 9. Scenefrom VE with textures on.
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Figure 10. Same scene with textures off.
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Figure 11. View moving into elevator with virtual personal risk present.
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Figure 12. View from elevator during descent.

While the number of objectsin the environment remained constant in al conditions, the
extent of interaction with these objects varied. For examplein the high interactions condition,
subjects were able to open and close doors and drawers, click on light switches to turn lights on
and off, open and close a briefcase, etc. (see Table 8). In the low interactions condition, the
drawers, light switches, briefcase, etc. did respond to attempts to activate them. Subjects were
told with which objects interaction was possible during a demonstration trial. Subjects were not
allowed to interact extraneoudy with the VE during timed tasks and were informed of this at the
start of the experiment. In the second user = present condition, the experimenter controlled and
was represented by the human figure in the distance estimation task. At the completion of thistask
the experimenter virtually accompanied the subject through the rest of thetrial, interacting with the
subject asif both were present in the VE.
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Table 8. Possible interactions and interactions conditions.

Possible Interaction Interaction Condition
Low Medium High
Button pressin distance estimation task Active Active Active
3D cursor manipulation Active Active Active
Elevator door Active Active Active
Start blocks Active Active Active
Ball stop in search task Active Active Active
Reaction time response Active Active Active
Chair swivel Inactive Active Active
Cabinet doors Inactive Active Active
Light switches Inactive Active Active
Wood doors Inactive Active Active
Drawer open and close Inactive Active Active
Chair push Inactive Active Active
Calculator Inactive Inactive Active
Briefcase lock tumblers Inactive Inactive Active
Briefcase latch Inactive Inactive Active
Briefcase handle Inactive Inactive Active
Stapler Inactive Inactive Active
Briefcaselid Inactive Inactive Active
Distance Estimation

In the distance estimation task, a human figure appeared at the end of aforty-foot corridor.
Subjects were informed in the written instructions for this task and during the demonstration tria
that the figure was six feet tall. The figure began to move toward the subject and the subject was
asked to click on a button on aresponse panel in the VE when the figure appeared to be 20, 10, 5,
and 2.5 ("arm's length") feet away. An example of asubject’sview of thistask isshown in
Figure 13.
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Figure 13. Example of subject’s view during distance estimation task.
Bins

In this task, the participant faced a three by three stack of open-ended, box-like compartments
(bins) much like Tic-Tac-Toe squares. At the beginning of the task, inputs to the 3D controller
transitioned from control of the subject’s viewpoint to control of a3D cross. A red ball appeared
in one of the bins (randomly determined, but not the middle bin) and an X appeared in another bin
two bins away (to make the required movement distance constant). The 3D cross was moved until
it contacted the ball (at which point auditory feedback was given and the cross changed from blue
to yellow). Upon contact with the ball, the cross locked onto the ball and was then used to move
the ball to the bin containing the X. The task ended when the ball contacted the X at the back of the
bin (again accompanied by auditory and visual feedback). An example of a subject’sview of this
task is shown in Figure 14.



Figure 14. Example of subject’s view during the bins task.

Turns

Subjects were required to navigate through a continuous narrow corridor formed by straight-
awaysjoining alternate 90° turnsto the left and right. There were six turnsin the corridor. The
lengths of the straight-aways varied, with two 20-ft. ssgments alternating with two 10-ft.
segments. An example of a subject’sview of the start of thistask is shown in Figure 15.



Figure 15. Example of subject’s view at the beginning of the turns task.
Search

Subjects went (virtually) to the center of aroom. At the start of the task, ared ball appeared
near the floor, ceiling, or walls, and moved slowly (1 ft. per second) around the room. Subjects
searched for the ball by making head and body movements or by controlling their viewpoint using
the 3D controller (depending on head-tracking condition). The task ended (accompanied by
auditory feedback) when the subject clicked on the ball with the mouse. The starting location of
the ball was determined randomly with the restriction that it could not appear in the subject'sinitial
field of view. An example of asubject’sview of thistask is shown in Figure 16.
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Figure 16. Example of subject’s view during search task.

Choice
An X appeared on one of four blocks (which block was randomly determined) and subjects

were asked to click with the mouse on the X or the block on which it appeared as soon as they
could. An example of asubject’sview of thistask isshownin Figure 17.
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Figure 17. Example of subject’s view during choice reaction time task.

Equipment

Two Pentium-based personal computers were used to run the software that interfaced the VR
system peripherals and generated the VE. Head-tracking was done using Ascension Technologies
Flock of Birds, a DC-pulsed magnetic tracking system. Visual and auditory presentation of the VE
was done viaa VR4 head-mounted display manufactured by Virtual Research Systems.

Navigation through the environment and object manipulation was accomplished through the use of
aLogitech Magellan — a 6-DOF, stationary control device. A standard Microsoft, 2-DOF mouse
was used to interact with objectsin the VE. The Magellan and the Microsoft mouse (and the
participant’ s hands) were supported by arotating platform. This system is shown in Figure 18.
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Figure 18. Experimental apparatus: VR4 worn on the head,
magnetic tracking receiver mounted on top of VR4, Magellan held
in the left hand, Microsoft mouse held in the right hand, and
rotating platform supporting hand-held input devices.

The software used to generate the VE and control each experiment was Superscape VRT
produced by Superscape VR plc.

Procedure

Each experimental session began with the subject reading an introduction to the study
(provided iINAPPENDI X A). After this, they were screened for normal visual acuity, color
perception, and stereoscopic perception, and their standing eye height was measured so that their
virtual eye height could be set accordingly. They then read and sign an informed consent form
(provided iINnAPPENDI X B) and read the experimental instructions (provided in APPENDI X
C). Subjects became familiar with the concept and process of magnitude estimation by estimating
the lengths of twenty lines presented in random order on twenty sheets of paper. This practice
session had a number of purposes in addition to familiarizing subjects with magnitude estimation:
these included stabilizing the results of subsequent scaling (Zwislocki, 1983), reducing the
regression effect (subjects tendency to avoid assigning extreme values and regress toward their
individual mean assigned values (Zwidlocki, 1983)), and obtaining a baseline psychophysical scale
for each subject that could later be compared with previous research (e.g., Collins and Gescheider,
1989) and with each individual's scale of presence (Gescheider, 1985). The instructions to
subjects for performing magnitude estimations were based on prototypical instructions provided by
Stevens (1971) and Geschelder (1985). Next, subjects were shown how to don the HMD and
given ademonstration tria in which the experimenter went through the V E from beginning to end,
demonstrating each task in sequence and verbally pointing out objects with which interaction was
possible. Each subject then went through one practice trial. Subjects were told that they could ask
any questions they wished to during the demonstration and practice trias, but that the experimenter



would attempt to remain silent during the datatrials to follow. The experimental condition of the
demonstration and data trials was the same as that common to all three experiments. scene update
rate = 8 Hz, visual display resolution = high, field of view = high, sound = present, textures =
absent, head-tracking = present, stereopsis = absent, virtual personal risk = absent, interactions =
medium, second user = absent, and environmental detail = medium. Following this practice tria,
subjects were given a short (3-5 minutes) break during which they could take off the HMD, sit
down, get adrink of water, etc. Subjects were given similar breaks after every fourth datatrial in
all three experiments. Trials averaged roughly seven minutesin length. Subjects were given
feedback at the end of each trial concerning their performance on each task (see Figure 19 for an
example). Subjects underwent a number of trials equivalent to the number of conditionsin the
experiment, one from each condition. The order of presentation of these conditions was
determined randomly. The length of each experimental session varied from subject to subject and
between experiments. The time spent in the HMD averaged approximately 2.5 hours. Subjects
were closely monitored throughout each session for adverse reactions to the VR system and
verbally reminded by the experimenter of their freedom to withdraw if they demonstrated or
reported any adverse side effects of immersion. Of the 42 subjects who passed the vision
screening, six did not complete the experimental session. Five of these ceased participation
because of motion-sickness-like symptoms, invariably within the first 20 minutes after donning the
HMD. The other subject stopped participation after the practice trial, complaining that the HMD
could not be adjusted so that it was physically comfortable.
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RESULTS
Magnitude Estimation

It has been shown that the distribution of estimates people give in magnitude estimation
experiments is usually positively skewed. These distributions are typically lognormal, with error
increasing as stimulus magnitude increases (see Mansfield, 1974; Stevens, 1971; Stevens, 1975),
and so the geometric mean is taken rather than the arithmetic mean, since this produces an unbiased
estimate of the expected value of alognormal variate (Cross, 1974). Thisisfairly standard
procedure in the analysis of magnitude estimation data, but it begs the question of what to do when
one wishes to do something other than plot aregression line through measures of central tendency
at different stimulus values. A number of authors (see Engen, 1972; Lane, Catania, and Stevens,
1961; Morrison, 1995; Stevens, 1971) have proposed and used a data reduction process for free-
modulus magnitude estimation data designed to, 1) adjust the data to a common modulus (also
reducing variability in the data arising purely from subjects’ selection of different moduli and
number ranges), and, 2) provide data suitable for analysis using parametric statistics (e.g.,
normally distributed). This procedure, called modulus equalization by Stevens (1971), is
described asfollows:

1. Convert al responsesto their logarithmic values. This converts the distribution of
responses from lognormal to normal.

N

. Calculate the mean of each individual’s responses. Thisyields each individua’s
modul us.

3. Caculate the mean of al responses. Thisyields the common modulus.
4. Subtract the result of Step 3 from the result of Step 2 for each individual. Thisyieldsa

set of constants representing the offsets of each individual modulus from the common
modul us.

o

. Subtract the constant obtained in Step 4 for each individual from that individual’s scores
(obtained in Step 1). Thisyields a dataset that is normally distributed and adjusted to a
single, common modulus.

»

. Taketheantilog of al values obtained in Step 5. Thisyields aratio-scale dataset (i.e.,
one with an origin of zero in which the ratios of scale values are meaningful) in the same
unitsasindividuals original responses (albeit still units of subjective magnitude).

An example of this procedure, taken from Experiment 1, isshown in Tables 9-12. Table 9
shows the raw presence estimates of al subjects in the experiment. Table 10 showsthe
logarithmic values of these estimates (Step 1 above), the individuals moduli (Step 2 above), the
common modulus (Step 3 above), and individuals' offsets from the common modulus (Step 5
above). Table 11 shows the resulting data set with all scores adjusted to the common modulus.
Table 12 shows the final dataset after taking the antilog of the valuesin Table 11.
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Table 9. Raw presence estimates from Experiment 1.

Subject
Tridl 1 2 3 4 5 6 7 8 9 10 11 12
1 3.00 3.00 11.00 830 275 025 7.00 175 0.5010.00 7.00 3.00
2 500 5.00 11.50 850 350 3.00 10.00 5.00 4.00 25.00 4.00 5.00
3 20.00 7.00 11.50 9.00 6.75 4.00 10.00 3.00 4.00 20.00 7.00 8.00
4 300 500 700 5.00 3.70 1.00 1200 4.00 0.66 18.00 3.00 2.00
5 8.00 7.00 1050 9.00 450 5.00 1200 2.00 7.00 15.00 9.00 7.00
6 15.00 8.00 1500 9.00 6.80 7.00 35.00 4.00 3.00 30.00 7.00 9.00
7 3.00 4.00 800 800 500 025 500 200 0.7510.00 2.00 3.00
8 6.00 5.00 1350 8.00 2.75 4.00 25.00 4.00 3.00 15.00 4.00 7.00
9 17.00 10.00 10.00 9.00 5.70 4.00 20.00 1.50 4.00 25.00 8.00 7.00
10 300 100 950 7.00 500 050 800 3.00 0.66 25.00 7.00 4.00
11 7.00 7.00 11.00 850 6.25 5.00 1500 4.50 6.00 15.00 5.00 7.00
12 10.00 7.00 16.00 9.00 5.00 6.00 40.00 3.00 9.00 40.00 10.00 8.00
13 200 6.00 950 750 200 050 800 100 1.0012.00 3.00 4.00
14 8.00 4.00 1200 7.00 450 2.00 1200 4.00 4.00 25.00 9.00 5.00
15 24.00 8.00 11.50 800 7.70 5.00 10.00 5.00 9.00 30.00 8.00 7.00
16 700 5.00 500 800 500 0.0 2000 250 1.2520.00 7.00 3.00
17 9.00 6.00 1200 8.00 550 3.00 50.00 5.00 5.00 15.00 7.00 7.00
18 20.00 10.00 16.00 8.50 8.00 7.00 30.00 3.00 7.00 35.00 9.00 9.00
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Table 10. Example of Steps 1 through 4 in modulus equalization procedure.

Subject

Trid 1 2 3 4 5 6 7 8 9 10 11 12
1 048 048 1.04 0.92 044 -0.60 0.85 024 -0.30 1.00 0.85 0.48

2 0.70 0.70 106 0.93 054 048 100 0.70 0.60 1.40 0.60 0.70

3 1.30 085 106 095 083 0.60 1.00 048 0.60 1.30 0.85 0.90

4 048 0.70 085 0.70 057 0.00 1.08 0.60 -0.18 1.26 0.48 0.30

5 090 0.85 102 0.95 065 0.70 1.08 030 0.85 1.18 0.95 0.85

6 1.18 090 118 095 083 0.85 154 0.60 048 148 0.85 0.95

7 048 0.60 090 0.90 070 -0.60 0.70 0.30 -0.12 1.00 0.30 0.48

8 0.78 0.70 113 0.90 044 0.60 140 060 048 1.18 0.60 0.85

9 1.23 100 100 095 076 0.60 1.30 0.18 0.60 1.40 0.90 0.85
10 048 0.00 098 0.85 0.70 -0.30 0.90 048 -0.18 1.40 0.85 0.60
11 085 0.85 104 093 080 0.70 118 065 0.78 1.18 0.70 0.85
12 1.00 085 120 095 070 0.78 160 048 0.95 1.60 1.00 0.90
13 0.30 0.78 098 0.88 0.30 -0.30 0.90 0.00 0.00 1.08 0.48 0.60
14 090 060 1.08 0.85 065 030 1.08 0.60 0.60 1.40 0.95 0.70
15 1.38 090 106 0.90 089 0.70 1.00 0.70 0.95 1.48 0.90 0.85
16 0.85 0.70 0.70 0.90 0.70 -0.30 1.30 0.40 0.10 1.30 0.85 0.48
17 095 078 1.08 090 074 048 170 0.70 0.70 1.18 0.85 0.85
18 1.30 1.00 120 093 090 0.85 148 048 0.85 154 0.95 0.95
Individua 0.86 073 1.03 090 0.67 031 117 047 043 130 0.77 0.73

Modulus
Common Modulus = 0.78

Individual Offset -0.08 0.05 -0.25 -0.12 0.11 048 -0.39 031 0.35 -0.51 0.01 0.05
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Table 11. Common-modulus presence data from Experiment 1 after modulus equalization (still in

log units).
Subject
Trid 1 2 3 4 5 6 7 8 9 10 11 12
1 040 052 0.79 080 055 -0.13 046 055 005 049 0.85 0.53
2 062 075 081 081 065 095 061 101 095 0.88 061 0.75
3 122 089 081 083 094 108 061 079 095 0.79 0.85 0.96
4 040 0.75 060 058 068 048 069 091 017 0.74 049 0.35
5 082 089 0.77 083 076 117 069 061 120 0.66 0.96 0.90
6 110 095 093 083 094 132 115 091 083 09 0.85 1.01
7 040 065 065 078 081 -0.13 031 061 023 049 031 053
8 070 075 088 078 055 108 101 091 083 066 0.61 0.90
9 115 105 0.75 083 086 108 091 049 095 0.88 091 0.9
10 040 005 0.73 072 081 017 051 0.79 0.17 0.88 0.85 0.66
11 0.76 089 0.79 081 090 117 079 096 113 0.66 0.71 0.90
12 092 089 095 083 081 125 121 0.79 131 1.09 101 0.96
13 022 083 0.73 075 041 017 051 031 035 056 049 0.66
14 082 065 083 072 076 078 069 091 095 0.88 0.96 0.75
15 130 095 081 078 099 117 061 101 131 09 091 0.90
16 0.76 075 045 078 081 017 091 0.71 045 0.79 085 0.53
17 087 083 083 078 085 095 131 101 105 066 0.85 0.90
18 122 105 095 081 101 132 109 0.79 120 1.03 096 101




Table 12. Final presence datafrom Experiment 1 (after conversion back into units of subjective

magnitude).
Subject
Trid 1 2 3 4 5 6 7 8 9 10 11 12
1 249 335 620 628 352 0.75 285 358 112 3.06 7.16 3.39
2 415 558 648 643 448 896 408 1022 898 7.65 4.09 5.65
3 1661 7.81 648 6.81 865 1195 408 6.13 898 6.12 7.16 9.04
4 249 558 394 378 474 299 489 818 148 551 307 226
5 6.64 781 591 681 577 1494 489 4.09 1572 459 921 791
6 1246 892 845 6.81 871 2091 1427 818 6.74 9.18 7.16 10.17
7 249 446 451 605 641 0.75 204 4.09 168 3.06 205 3.39
8 498 558 7.60 6.05 352 11.95 1020 818 6.74 459 4.09 7091
9 1412 1116 563 6.81 7.30 1195 816 3.07 898 765 818 7091
10 249 112 535 529 641 149 326 6.13 148 7.65 7.16 4.52
11 581 781 6.20 643 801 1494 6.12 9.20 1348 459 511 791
12 831 781 9.01 681 6.41 1792 16.31 6.13 20.22 12.24 10.23 9.04
13 166 6.69 535 567 256 149 326 204 225 3.67 307 452
14 6.64 446 6.76 529 577 597 489 818 898 7.65 921 5.65
15 1993 892 6.48 6.05 9.86 1494 408 10.22 20.22 9.18 8.18 7091
16 581 558 282 605 641 149 816 511 281 6.12 7.16 3.39
17 747 6.69 6.76 6.05 7.05 8.96 20.39 10.22 11.23 459 7.16 791
18 16.61 11.116 9.01 6.43 10.25 20.91 12.23 6.13 15.72 10.71 9.21 10.17

This procedure was used on all magnitude estimation data collected in the experimental
series. It was used to adjust the presence scores from each experiment to the common modulus of
that experiment and was similarly used in the analysis of line length estimation data. All graphs
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and analyses of magnitude estimation data reported below were performed on estimates adjusted to
a common modulus by the procedure just described.

Line Length Estimation

An analysis was done of the line length estimation data collected from each subject during the
magnitude estimation practice conducted at the start of each experimental session. Thiswas done
to examine the distribution of the data, both raw and after adjustment to a common modulus, and to
compare the exponent of the resulting power function to the figure of 1.0 obtained in several other

examinations of this psychophysical function (Collins and Gescheider, 1989; Gescheider, 1985;
Zwislocki, 1983).
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Figure 20. Distribution of line length estimatesin comparison to normal.
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Figure 20 shows the distribution of the raw line length estimates of all thirty-six subjects.
Superimposed on this histogram isanormal probability density function with the same mean and
standard deviation. As can be seen in thisfigure, the data are quite positively skewed, as would be
expected based on published research and the assumed lognormality of these estimates.

Figure 21 shows the distribution of the line length estimates of all thirty-six subjects after
adjustment to a common modulus (the common modulus in this case was 11.6). Superimposed on
this histogram is anormal probability density function with the same mean and standard deviation.
As shown in thisfigure, the data now appear less skewed and more normally distributed.
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Figure 21. Distribution of common-modulus line length estimates in comparison to normal.

A linear regression was performed with log line length as the regressor and the log of the
arithmetic mean of subjects common-modulus line length estimates as the response. The reason
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for using logarithmic values in this case is to make the slope of the resulting regression equation
equivaent to the exponent in the power function relating estimated (or perceived) line length to
actua linelength. This exponent isthen directly comparable to smilar values obtained by other
researchers. The resulting regression equation isy = 1.002x + 0.63 with R? = 0.998. Theline
produced by this equation is shown in Figure 22 superimposed upon the data.
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Figure 22. Plot of the power function relating estimated line length to actual line length.
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Presence

An anaysis similar to the analysis of line length described above was performed on all 624
presence estimates obtained in the experimental seriesto examine the distribution of this data, both
raw and after adjustment to acommon modulus. Simple linear regressions on this data (like that
done on line length estimates) were not performed primarily because there exists no published
body of research establishing exponents of psychophysical power functions for comparison (in
contrast to the psychophysical relationship between actual and perceived line length).

Figure 23 shows the distribution of the raw presence estimates of al thirty-six subjects.

Superimposed on this histogram is anormal probability density function with the same mean and
standard deviation.
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Figure 23. Distribution of presence estimates in comparison to normal.

Figure 24 shows the distribution of the presence estimates of the thirty-six subjects after
adjustment to a common modulus (the common modulusin this case was 8.91). Again,
superimposed on this histogram isanormal probability density function with the same mean and
standard deviation.
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Figure 24. Distribution of common-modulus presence estimates in comparison to normal.
Similar to the distribution of line length estimates and in accordance with the assumption of

lognormality, these data appear very positively skewed prior to adjustment (Figure 23), but near
normal afterward (Figure 24).
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Experiment 1
Performance

Analyses of variance (ANOV As) were conducted for each dependent and independent
variable. Actual distance wastreated as an independent variable in conducting the ANOVAsfor
distance estimation performance. The ANOVA summary tables referred to throughout this section
may be foundin APPENDI X D.

The ANOVA summary table for the effects of scene update rate, visua display resolution and
field of view on distance estimation is shown in Table 41. Actua distance was treated as an
independent variable for purposes of thisanaysis. Asshown in thistable, the effects of actual
distance, visual display resolution, field of view, and al interactions among these three variables

were statistically significant with a £ 0.05. These effects are shown in Figures 25 through 27.
These figures are in the format used by Lampton, Knerr, et al. (1994) in the paper in which they
originally proposed thistask. The straight lines in the figures represent perfect distance estimation
performance.
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Figure 25. Effect of visual display resolution on distance estimation.
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Figure 26. Effect of field of view on distance estimation.
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Figure 27. Effect of the interaction between field of view (FOV) and visua display resolution
(Resolution) on distance estimation.

The ANOVA summary table for the effects of scene update rate, visua display resolution and
field of view on timeto complete the Binstask and errors committed during completion of the
Turnstask are shown in Tables 42 and 43. There were no statistically significant effects of these
three variables or their interactions on either of these two performance measures.

The ANOVA summary table for the effects of these same variables on time to complete the
Turnstask isshown in Table 44. The effect of scene update rate was statistically significant with

a £ 0.05 and the effect of field of view was significant with a = 0.06. These effects are shown in
Figures 28 and 29, respectively. Error bars represent the standard error of the meanin al figures.
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Figure 28. The effect of scene update rate on time to compl ete the Turns task.
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Figure 29. The effect of field of view on time to complete the Turns task.

Table 45 shows the ANOV A summary table for the effects of scene update rate, visual
display resolution and field of view on time to complete the Search task . The effects of visual
display resolution, field of view, and the interaction between the two were statistically significant

witha £ 0.05. The mean search timein the low visual display resolution condition was 11.95
seconds with a standard error of 1.08 seconds. The mean search time in the high visua display
resolution condition was 8.81 seconds with a standard error of 0.45 seconds. The effects of field
of view and the interaction between field of view and visual display resolution are shown in
Figures 30 and 31, respectively.
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Figure 30. Effect of field of view on search time.
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Figure 31. Effect of interaction between field of view and visua display resolution on search time.

The ANOVA summary table for the effects of scene update rate, visua display resolution and
field of view on time to complete the Choice task is shown in Table 46. The effect of scene update

rate was statistically significant witha £ 0.05. This effect is shown in Figure 32. No errors were
made by any subjectsin the completion of thistask.
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Figure 32. Effect of scene update rate on choicetime.

Second-order polynomial regressions were calculated using the independent variablesin this
experiment — plus minutes spent in the VE and percelved presence — as regressors to predict each
of the dependent variables measuring performance. All regressions reported use the same notation
asin Table 4: x, = scene update rate, x, = visual display resolution, x, = field of view, x, = sound,
Xs = textures, X, = head-tracking, x, = stereopsis, X, = virtual personal risk, x, = interactions, x,,
= second user, X,, = environmental detail. Additionaly, x,, = minutes spent inthe VE, X, =
perceived presence, and x,, = actual distance (in distance estimation models only) .

In performing these regressions, all data and regressors were first standardized. Thiswas

donefor two reasons: 1) so that the resulting parameter estimates (the b s) would all be in the same
units (i.e., z-scores), allowing direct comparison of the influence of the various regressors on the
predicted response in each regression question, and, 2) to reduce multicollinearity among the
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regressors resulting from inclusion of second-order terms (Montgomery and Peck, 1992).
Regressions were calculated for all possible combinations of all regressors for each predicted
response. The regression equations reported below represent, for each predicted response, the
model representing the combination of smallest residual mean square (equivalent to selecting the
model with the largest adjusted R?) and smallest prediction error sum of squares (PRESS). These
models are shown in Tables 13 through 18.

Table 13. Regression equation predicting distance estimation in Experiment 1.

~ Standard Error of

Variable b ; t forH,: b =0 p
X, 0.02 0.01 3.42 0.001
X, 0.06 0.01 7.79 0.0001
X3 -0.03 0.01 -4.15 0.0001
X, 1.02 0.01 97.33 0.0001
X, -0.03 0.01 -4.08 0.0001
X, 0.04 0.01 3.54 0.0004
Xy 0.02 0.01 1.93 0.054
X,,? 0.04 0.01 6.12 0.0001
X2 -0.02 0.004 -5.23 0.0001
X,X, 0.02 0.01 2.13 0.034
XX 0.02 0.01 2.70 0.007
X,,2 -0.09 0.01 -8.79 0.0001

X,Xy4 0.02 0.01 2.81 0.005
XX14 -0.01 0.01 -1.69 0.091

MS. = 0.056, PRESS = 49.73, R* = 0.944
F14, g0 fOr Hy: No linear relationship = 1028.46, p < 0.0001
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Table 14. Regression equation predicting time to complete the Bins task in Experiment 1.

Standard Error of

Variable b ; t forH,: b =0 p
X, -0.13 0.07 -1.88 0.062
X, 0.09 0.07 1.27 0.205
X1, -0.17 0.07 -2.50 0.013
X, 0.10 0.07 1.48 0.141
X,,? 0.06 0.04 1.45 0.148

MS. = 0.960, PRESS = 212.28, R* = 0.058

Fs ,1; for Hy: No linear relationship = 2.58, p < 0.028

Table 15. Regression equation predicting time to complete the Turnstask in Experiment 1.

Standard Error of

Variadble b 5 t forH,; b =0 P
X, -0.25 0.06 -4.20 0.0001
Xq -0.11 0.06 -1.76 0.080
X1p -0.25 0.06 -4.08 0.0001
X -0.18 0.06 -3.22 0.002
Xy,° 0.26 0.05 5.76 0.0001

12

MS. = 0.778, PRESS = 174.16, R* = 0.237

Fs ,1, for Hy: No linear relationship = 13.08, p < 0.0001
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Table 16. Regression equation predicting errorsin the Turnstask in Experiment 1.

~ Standard Error of

Variable b ; t forH,: b =0 p
Xys -0.15 0.07 -2.32 0.021
Xy -0.17 0.06 -2.69 0.008
X,,2 0.21 0.05 417 0.0001

MS;. = 0.901, PRESS = 197.79, R* = 0.107
F; 515 for Hy: No linear relationship = 8.52, p < 0.0001

Table 17. Regression equation predicting time to complete the Search task in Experiment 1.

A Standard Error of

Variadble b 5 t forH,; b =0 P
X, -0.15 0.06 -2.30 0.023
Xq -0.14 0.08 -1.60 0.112
X1p -0.14 0.07 -2.16 0.032
X3 -0.25 0.11 -2.34 0.020
X5 0.07 0.04 2.06 0.041
X, X4 0.15 0.06 242 0.016

MS. = 0.831, PRESS = 185.80, R* = 0.188
Fe. 210 for Hy: No linear relationship = 8.12, p < 0.0001
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Table 18. Regression equation predicting time to complete the Choice task in Experiment 1.

Standard Error of

Variable b ; t forH,: b =0 p
X, -0.21 0.07 -3.21 0.002
X, 0.15 0.07 217 0.031
X, -0.08 0.07 -1.24 0.218
X5 -0.07 0.07 -0.98 0.330

MS;. = 0.934, PRESS = 205.31, R* = 0.079

F, .1, for Hy: No linear relationship = 4.56, p < 0.002

Presence

The ANOVA summary table for the effects of scene update rate, visua display resolution and
field of view on presenceis shown in Table 47. Asshown in thistable, the main effects of scene
update rate, visua display resolution, and field of view — but none of their interactions— were all

significant with a £ 0.05. Mean presence in the low visual display resolution condition was 6.40
with astandard error of 0.34. Mean presence in the high visual display resolution condition was
7.85 with astandard error of 0.41. The effects of scene update rate and field of view are displayed

in Figures 33 and 34.
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Figure 33. Effect of scene update rate on presence.
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Figure 34. Effect of field of view on presence.
A second-order polynomial regression was done in the same manner as those done for

performance to predict perceived presence from the independent variables manipulated in this
experiment (plus minutes spent in the VE). Thisresulted in the equation contained in Table 19.
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Table 19. Regression equation predicting perceived presence in Experiment 1.

~ Standard Error of

Variable b ; t forH,: b =0 p
X, 0.10 0.05 1.99 0.048
X, 0.17 0.05 3.35 0.001
X3 0.59 0.05 11.61 0.0001
X, 0.21 0.05 4.12 0.0001
X,,? -0.08 0.03 -2.26 0.025

MS. = 0.548, PRESS = 120.56, R* = 0.462
Fs .1, for Hy: No linear relationship = 36.26, p < 0.0001

Experiment 2
Performance

Asfor Experiment 1, analyses of variance (ANOV As) were conducted for each dependent
and independent variable. The ANOVA summary table for the effects of sound, textures, head-
tracking, stereopsis, and virtual personal risk on performance of the distance estimation task is
shownin Table 48. The effects of textures, stereopsis, the interaction between sound and
stereopsis, and the interaction among actual distance, sound, and textures were all statistically
significant with a £ 0.05 (in addition to the effect of actual distance). These effects are shown in

Figures 35 through 38.
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Figure 35. Effect of textures on distance estimation.
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Figure 36. Effect of stereopsis on distance estimation.
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Figure 37. Effect of interaction between sound and stereopsis on distance estimation.
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Figure 38. Effect of interaction among actual distance, sound and textures on distance estimation.

The ANOVA summary table for the effects of sound, textures, head-tracking, stereopsis, and
virtual personal risk on time to complete the Binstask is shown in Table 49. The effects of the
interaction between sound and stereopsis, and the interaction between textures and head-tracking

were statistically significant with a £ 0.05. These effects are shown in Figures 39 and 40.
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Figure 39. Effect of interaction between sound and stereopsis on time to compl ete the Bins task.
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Figure 40. Effect of interaction between textures and head-tracking on time to complete the Bins
task.

The ANOVA summary table for the effects of these same five variables on errors madein
completing the Turnstask is shown in Table 50. The effects of head-tracking, virtual personal

risk, and the interaction between sound and textures were statistically significant with a £ 0.05.
The effects of head-tracking and virtual personal risk are shown in Table 20. The interaction
between sound and texturesis shown in Figure 41.
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Table 20. Effect of head-tracking and virtual personal risk on errorsin the Turns task.

Off On
Effect Mean Standard Error Mean Standard Error
Head-tracking 60.04 3.66 4401 3.86
Virtua persond risk 47.06 3.89 56.99 6.17
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Figure 41. The effect of the interaction between sound and textures on errors made during the
Turns task.



The ANOVA performed on time to complete the Turns task is summarized in Table 51. The

only statistically significant effect with a £ 0.05 was that of head-tracking. The mean timeto
complete the Turns task with head-tracking off was 44.39 seconds with a standard error of 2.19
seconds. The mean time to complete the Turns task with head-tracking on was 37.35 seconds with
astandard error of 1.28 seconds.

Table 52 shows the ANOVA summary table for the effects of sound, textures, head-tracking,
stereopsis, and virtual personal risk on time to complete the Search task. Statistically significant

effects (with a £ 0.05) were found for head-tracking and virtual personal risk and are shownin
Table 21.

Table 21. Effect of head-tracking and virtual personal risk on time to complete the Search task in
Experiment 2.

Off On
Effect Mean Standard Error Mean Standard Error
Head-tracking 7.36 0.37 8.44 0.45
Virtual personal risk 7.38 0.36 8.42 0.46

The ANOVA summary table for the effects of the independent variablesin Experiment 2 on

time to complete the Choice task isshown in Table 53. No statistically significant effects (a £
0.05) were found. No errors were made by any subjects in the completion of this task.

Second-order polynomial regressions were calculated using the independent variablesin this
experiment — plus time spent in the VE and perceived presence — as regressors to predict each of
the dependent variables measuring performance. This was done in the same manner described for
Experiment 1 and resulted in the equations shown in Tables 22 through 27.
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Table 22. Regression equation predicting distance estimation in Experiment 2.

~ Standard Error of

Variable b ; t forH,: b =0 p
X -0.02 0.01 -2.31 0.021
X 0.03 0.01 2.35 0.019
X, -0.03 0.01 -2.82 0.005
Xg 0.02 0.01 1.46 0.145
X, 1.02 0.01 81.59 0.0001
X, -0.06 0.01 -5.68 0.0001
X5 -0.06 0.01 -4.31 0.0001
X,,? 0.03 0.01 2.97 0.003
X2 0.04 0.01 6.10 0.0001
X, Xs -0.02 0.01 -1.71 0.088
XX -0.01 0.01 -1.37 0.171
XX, -0.03 0.01 -3.07 0.002
XeXe 0.02 0.01 1.89 0.059
XX, -0.02 0.01 -1.93 0.054
XX, -0.02 0.01 -1.89 0.059
X,,2 -0.09 0.01 -8.38 0.0001

MS. = 0.079, PRESS = 61.85, R* = 0.923

F16, 752 for Hy: No linear relationship = 560.86, p < 0.0001
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Table 23. Regression equation predicting time to complete the Bins task in Experiment 2.

~ Standard Error of

Variable b ; t forH,: b =0 p
Xg -0.17 0.07 -2.44 0.016
Xg -0.11 0.07 -1.58 0.116
X, -0.22 0.07 -3.25 0.001
X Xe -0.11 0.07 -1.56 0.120
X, X4 -0.15 0.07 -2.16 0.032
XXq -0.13 0.07 -1.89 0.061
Xy5” 0.09 0.03 2.69 0.008

MS. = 0.870, PRESS = 173.71, R* = 0.158
F, 1g5 for Hy: No linear relationship = 4.95, p < 0.0001

Table 24. Regression equation predicting time to complete the Turnstask in Experiment 2.

A Standard Error of

Variadble b 5 t forH,; b =0 P
X, 0.16 0.08 1.94 0.054
X -0.15 0.07 -2.01 0.046
X1p -0.25 0.07 -3.62 0.0004
X3 -0.14 0.09 -1.60 0.112
X, Xs 0.09 0.07 1.29 0.199
X, X -0.11 0.07 -1.57 0.119

MS. = 0.867, PRESS = 171.96, R* = 0.156
Fe. 156 fOr Hy: No linear relationship = 5.73, p < 0.0001

87



Table 25. Regression equation predicting errorsin the Turns task in Experiment

~ Standard Error of

Variable b ; t forH,: b =0 p
Xq -0.14 0.07 -1.99 0.048
Xg 0.10 0.07 1.46 0.145
X1, -0.22 0.07 -3.16 0.002
XX 0.16 0.07 2.39 0.018
XX, 0.12 0.07 1.83 0.069
XX, 0.10 0.07 1.54 0.126
X,,? 0.10 0.05 2.03 0.044
X2 -0.08 0.03 -2.30 0.022

MS. = 0.870, PRESS = 174.69, R* = 0.163
Fg 154 fOr Hy: No linear relationship = 4.47, p < 0.0001

Table 26. Regression equation predicting time to complete the Search task in Experiment 2.

A Standard Error of

Variadble b 5 t forH,; b =0 P
X, 0.12 0.08 1.50 0.134
X 0.19 0.08 245 0.015
Xg 0.13 0.07 1.90 0.059
X3 -0.13 0.09 -1.50 0.136
XX 0.09 0.07 1.29 0.199
XX, 0.14 0.07 2.01 0.046
X,,” 0.07 0.05 1.48 0.140

MS. = 0.942, PRESS = 188.88, R* = 0.087
F, 1s5 for Hy: No linear relationship = 2.53, p < 0.016

88



Table 27. Regression equation predicting time to complete the Choice task in Experiment 2.

~ Standard Error of

Variable b ; t forH,: b =0 p
X -0.16 0.08 -1.92 0.057
Xq -0.10 0.07 -1.44 0.152
X, -0.22 0.08 -2.75 0.007
X, -0.19 0.07 -2.59 0.011
Xys 0.22 0.11 1.94 0.054
XXq 0.12 0.07 1.63 0.105
XX, 0.09 0.07 1.24 0.216
XXq -0.10 0.07 -1.38 0.169
X.Xq 0.10 0.07 1.39 0.170
X,,? 0.08 0.05 143 0.154
X5 -0.07 0.04 -1.47 0.144

MS;. = 0.925, PRESS = 186.91, R* = 0.123
Fi1 1g; fOr Hy: No linear relationship = 2.31, p < 0.011

Presence

The ANOVA summary table for the effects of sound, textures, head-tracking, stereopsis, and
virtual personal risk on presence is shown in Table 54. The main effects of sound, textures, head-

tracking, and stereopsis were statistically significant (a £ 0.05). These effects are shown in Table

28. Virtual personal risk did not have a statistically significant effect, nor did any of the two-way
interactions.
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Table 28. Effects of sound, textures, head-tracking, and stereopsis on presence in Experiment 2.

Off On
Effect Mean Standard Error Mean Standard Error
Sound 1.47 0.42 13.73 0.74
Textures 9.79 0.61 11.42 0.73
Head-tracking 8.12 0.54 13.08 0.71
Stereopsis 9.65 0.65 11.56 0.70

A second-order polynomial regression was cal culated with presence as the predicted variable
and the independent variables in Experiment 2 (plus minutes in the VE) as regressors. The method
and criteriaused in calculating the regression were the same as reported for Experiment 1. The
equation shown in Table 29 was the result.

Table 29. Regression equation predicting perceived presence in Experiment 2.

A Standard Error of

Vaiable b ; t forH,: b =0 p
X, 0.47 0.06 8.40 0.0001
Xs 0.12 0.06 2.18 0.031
Xs 0.37 0.06 6.65 0.0001
X, 0.14 0.06 2.56 0.011

X Xe 0.09 0.06 1.64 0.103

MS. = 0.605, PRESS = 119.27, R* = 0.408
Fs 1671 fOr Hy: No linear relationship = 25.74, p < 0.0001

Experiment 3
Performance

Asfor the previous two experiments, analyses of variance (ANOV As) were conducted for
each dependent and independent variable. The ANOVA summary tables for the effects of
interactions, presence of a second user, and environmental detail on al performance measures are
shown in Tables 55 through 60. As shown in these tables, there were no statistically significant
effects of these three variables or their interactions on any performance measure. No incorrect
choices were made during performance of the Choice task in Experiment 3.
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Second-order polynomial regressions were calculated using the independent variablesin this
experiment — again including time spent in the VE and perceived presence — as regressors to
predict each of the dependent variables that measured performance. The method and criteria used
in calculating the regression were again the same as reported for Experiment 1. Thisresulted in the
equations shown in Tables 30 through 35.

Table 30. Regression equation predicting distance estimation in Experiment 3.

~ Standard Error of

Variable b ; t forH,: b =0 p
X 0.02 0.01 191 0.057
X5, 0.02 0.01 2.79 0.005
X, 1.06 0.01 94.46 0.0001
X5 -0.06 0.01 -6.76 0.0001
Xy 0.04 0.01 3.79 0.0002
X,,2 0.05 0.01 5.05 0.0001
X,,? 0.02 0.004 4.39 0.0001
X2 0.03 0.005 5.10 0.0001
X, -0.16 0.01 -14.51 0.0001

MS. = 0.065, PRESS = 56.99, R* = 0.935
Fy a5 fOr Hy: No linear relationship = 1375.06, p < 0.0001

Table 31. Regression equation predicting time to complete the Bins task in Experiment 3.

A Standard Error of

Variadble b 5 t forH,; b =0 P
X1p -0.19 0.08 -2.28 0.024
X3 -0.13 0.07 -1.75 0.082
X,,” 0.07 0.04 214 0.033

MS. = 0.943, PRESS = 205.99, R* = 0.066
F; 515 for Hy: No linear relationship = 4.98, p < 0.002
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Table 32. Regression equation predicting time to complete the Turns task in Experiment 3.

Standard Error of

Variable b ; t forH,: b =0 p
X, -0.11 0.07 -1.63 0.105
X5 -0.25 0.07 -3.76 0.0002
X,,2 -0.10 0.06 -1.68 0.094
X,,? 0.08 0.03 2.59 0.010
X2 0.08 0.04 1.99 0.048

MS. = 0.896, PRESS = 197.67, R* = 0.121
Fs 51, for Hy: No linear relationship = 5.79, p < 0.0001

Table 33. Regression equation predicting errorsin completion of the Turnstask in Experiment 3.

A Standard Error of

Variadble b 5 t forH,; b =0 P
X1p -0.32 0.08 -3.77 0.0002
X3 -0.10 0.07 -1.43 0.153
X,,” 0.09 0.04 2.50 0.013
X5 -0.06 0.04 -1.74 0.083

13

MS. = 0.898, PRESS = 196.21, R* = 0.115
F, 1, for Hy: No linear relationship = 6.86, p < 0.0001
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Table 34. Regression equation predicting time to compl ete the Search task in Experiment 3.

~ Standard Error of

Variable b ; t forH,: b =0 p
Xys -0.19 0.07 -2.81 0.005
X;0X1, -0.09 0.07 -1.37 0.173

MS. = 0.960, PRESS = 210.16, R* = 0.044
F, .14 for Hy: No linear relationship = 4.98, p < 0.008

Table 35. Regression equation predicting time to complete the Choice task in Experiment 3.

A Standard Error of

Variadble b 5 t forH,; b =0 P
X1 0.09 0.07 1.35 0.179
X1p -0.15 0.07 -2.24 0.026

MS. = 0.976, PRESS = 212.46, R* = 0.028
F, .., for Hy: No linear relationship = 3.12, p < 0.046

Presence

The ANOVA summary table for the effects of interactions, presence of a second user, and
environmental detail on presenceisshown in Table 61. The presence of a second user and the
interaction between environmental detail and number of interactions were both statistically

significant witha £ 0.05. With the second user absent, mean presence was 13.29 with a standard
error of 0.39. With the second user present, mean presence was 14.58 with a standard error of
0.34. Theeffect of the interaction between environmental detail and number of interactionsis
displayed in Figure 42.
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Figure 42. Effect of the interaction between environmental detail and number of interactions on
presence.
Again, asecond-order polynomial regression was calculated with presence as the predicted
variable and with the independent variablesin Experiment 3 (plus minutes in the VE) as regressors.

The method and criteria used in calculating the regression were the same as reported for
Experiment 1. Thisresulted in the model contained in Table 36.
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Table 36. Regression equation predicting perceived presence in Experiment 3.

~ Standard Error of

Variable b ; t forH,: b =0 p
X 0.13 0.06 2.10 0.037
X5, 0.20 0.06 3.27 0.001
X, 0.51 0.07 7.36 0.0001
X,,2 0.11 0.05 2.03 0.044
X,,? -0.09 0.03 -2.76 0.006

MS. = 0.767, PRESS = 169.24, R* = 0.247
Fs .1, for Hy: No linear relationship = 13.86, p < 0.0001

Data Bridging

The experimenta series was conducted under the constraints of a sequentia experimentation
paradigm. These constraints are:

« All independent variables must be defined prior to data collection.

» Experimental procedures and dependent measures must be constant across all experiments
in the sequence.

* Information must be available at the outset concerning the levels of al factors manipulated
and held constant.

 To the extent possible, all main and pure quadratic effects of each independent variable
must be tested.

In addition, it has been recommended that the experiments in the sequence have at least one
data point in common to provide adirect estimate of the comparability of the studies. This
recommendation was made by Williges, Williges, and Han in 1992, but the current series of
experiments was the first to implement it. Satisfaction of these constraints allows for the
possibility of bridging the data set across experiments for the purpose of constructing second-order
empirical models of the effects of the variables manipulated. It has been argued that a second-order
polynomial approximation is adequate to account for most human performance (Williges, 1981).
This assumption allows much greater economy of data collection than experimental designs that
test third- and higher-order interactions.

Unfortunately, even if the above constraints are satisfied, there is no guarantee at the outset
of data collection that data bridging of the resulting data set will be possible. Thiswas perhaps
especialy truein the present case given the subjective nature of the primary dependent variable. As
it turns out, data bridging across all three experiments in the current series was not feasible. It was
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originaly intended that a fourth experiment be conducted to collect data needed to model two-way
interactions not examined in the first three experiments. Specifically, it was hoped that afourth
experiment would provide the missing data needed to model the effects on perceived presence of all
possible two-way interactions among the eleven independent variables manipulated. An
examination of the experimental designs of the first three experiments reveals that, to model many
of these interactions, acritical fourth data point is needed. For example, in the second experiment,
sound and textures are completely crossed. However, sound is never crossed with any of the
variablesin thefirst or third experiments. sound was always on during these experiments. To
examine the interaction between sound and visual display resolution, for instance, adatapoint is
needed in which sound is off and visual display resolution islow. Such adata point does not exist
in the first three experiments.

Detailed procedures for collecting such data points and bridging data across experimentsin a
sequential experimentation paradigm have been described in a number of papers by Williges,
Williges, and Han (Han, 1991a; Han, 1991b; Han, Williges, and Williges, 1990; Williges and
Williges, 1989; Williges, Williges, and Han, 1992; Williges, Williges, and Han, 1993).

However, prior to implementing these procedures, it must first be determined — if possible — that
the data gathered in al experimentsin such a paradigm can be treated as one data set. Han (1991b)
proposes two ways of doing this. In thefirst, each experiment is entered into the empirical
modeling process as an indicator variable and the significance of the interactions between this
indicator variable and the variables under study istested. A significant interaction indicates that the
data cannot be treated as one dataset and that data bridging procedures are not feasible. In the
second, the experimental series is designed so that one or more data points are common to all
experiments. If these data points show differences across experiments, data bridging then
becomes problematic.

While Han' sfirst suggestion is technically sound, it seems useful only when data bridging is
donein apost hoc fashion on experiments not preplanned as part of a sequential experimentation
effort. Inadesigned series of studies, it is much more efficient to design in acommon data point
than it isto include the multiple levels of each variablein al experiments that would be needed to
test experiment by variable interactions. In the three experiments reported above, each independent
variable was manipulated in one and only one experiment. It istherefore impossible to test an
interaction between any manipulated variable and the experiment indicator variable. Han's second
suggestion, though, iswell-suited to designed sequential experimentation and was used as the
basis for the data bridging decisions made in the current research.

Given that perceived presence was the primary focus of the research and empirical modeling
effort conducted, this variable was also the primary basis for decisions regarding data bridging.
Figure 43 shows the effect of experiment on perceived presence. Thisfigure shows only the data
from the common data point included in each experiment (i.e., one observation from each subject).
It should be noted that — in this figure and for data bridging purposes only — the raw presence
data from the three experiments were adjusted to a modulus common to the three experiments (the
value of this modulus was 0.95).
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Figure 43. Effect of experiment on presence, common data point only.

It is apparent from this figure that the three experiments were not equivalent in terms of
perceived presence. This conclusion is supported by a statistical test (an ANOVA) rejecting the
hypothesis that experiment had no effect on perceived presence in the condition common to the
three experiments (F, ., = 4.46, p < 0.019). Figure 43 showsthat, not only was the mean
perceived presence in Experiment 3 significantly lower than in Experiments 1 and 2, the variability
of presence estimates in Experiment 3 (indicated by the standard error barsin thisfigure) was
substantially smaller in this experiment than the other two. Scheffe’s multiple contrast procedure
was used to verify the statistical significance of the difference apparent in Figure 43. The resullt,
indicating that this difference was significant, is shown in Table 37.
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Table 37. Test for differences among experiments using Scheffe’ s multiple contrast procedure and
the perceived presence common data point.

Experiments Mean Difference Critica Difference p
land 2 -0.034 5.914 0.999
land 3 5.951 5.914 0.048
2and 3 5.985 5.914 0.047

It was felt that, even if a constant were added to the observations in Experiment 3, it still
could not be said with confidence that all data collected represented a uniform data set sampled
from the same population. Given this conclusion, the question remained of whether or not afourth
experiment should be conducted to collect data needed to examine two-way interactions among
variables manipulated in the first two experiments only. Given the notable dearth of significant
two-way interactions already found in these two experiments, and given that these experiments
were (at least in part) designed to examine those two-way interactions most likely to be significant
and important to the VE design community (e.g., visual display resolution and field of view), it
was decided that further time, effort, and money spent in data collection would be
counterproductive.

For these reasons, a polynomial model including all eleven manipulated variables and time
spent in the VE was not constructed. However, the data from the first two experiments were
combined and used to perform a polynomial regression predicting perceived presence from the
eight variables manipulated in these experiments plus minutes spent in the VE. The method and
criteriaused in calculating the regression were the same as reported for Experiment 1. The
following empirical model (seenin Table 38) was the result:
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Table 38. Regression equation predicting perceived presence from the data collected in
Experiments 1 and 2.

~ Standard Error of

Variable b ; t forH,: b =0 p
X, 0.13 0.04 3.09 0.002
X3 0.52 0.05 11.30 0.0001
X, 0.47 0.05 9.34 0.0001
Xg 0.15 0.05 3.15 0.002
X 0.40 0.05 8.25 0.0001
X, 0.12 0.04 2.63 0.009
X, 0.15 0.04 3.96 0.0001
X,,? -0.08 0.03 -2.72 0.007
X, 2 0.06 0.03 2.17 0.031
X, Xs 0.06 0.04 1.53 0.127
X, X 0.09 0.04 2.32 0.021

MS. = 0.576, PRESS = 241.40, R* = 0.438
11 397 fOr Hy: No linear relationship = 28.13, p < 0.0001

Again, afourth, data-bridging experiment was not conducted and so this model does not
contain terms representing interactions among variables not manipulated in the same experiment.
For purposes of this regression, the presence estimates from Experiments 1 and 2 were adjusted to
amodulus common to these two experiments. The value of this modulus was 0.86.

Results Summary

Given the number of independent and dependent variablesinvolved in this research, it was
felt that a summary of the results would be hel pful with respect to the two main focuses of the
research: 1) the impact of independent variables on perceived presence, and, 2) the relationship
between presence and performance. Table 39 summarizes the effects of the independent variables
manipulated and their two-way interactions on perceived presence based on the results of the
ANOVAs conducted. The second order effects and minutes spent in the VE are added based upon
the regression analyses performed. Where possible (i.e., for significant main effects) the percent
increase in perceived presenceisindicated. Thisisthe percent change associated with the
difference between the low and high conditions for each variable. Where a percentage is not given,

a‘'+ indicatesthat the effect was significant (witha £ 0.05), whilea‘— indicates that it was not.
Significance was tested by ANOV Asin the case of main effects and two-way interactions, and by
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t-tests on the parameter estimates in the empirical modelsin the case of second-order effects and
minutes spent in the VE.

Table 39. Summary of results with respect to perceived presence.

Variable/ Effect Impact on Perceived Presence
Experiment 1
Scene update rate 14%
Visual display resolution 23%
Field of view 148%
Scene update rate —
Field of view? —

Scene update rate X Visua display resolution —
Scene update X Field of view —

Visual display resolution X Field of view —

Minutesinthe VE +

Minutesin the VE ? +
Experiment 2

Sound 83%

Textures 17%

Head-tracking 61%

Stereopsis 20%

Virtua persona Risk —
Sound X Textures —
Sound X Head-tracking —
Sound X Stereopsis —
Sound X Virtual personal risk —
Textures X Head-tracking —
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Textures X Stereopsis —
Textures X Virtua personal risk —
Head-tracking X Stereopsis —
Head-tracking X Virtua personal risk —
Stereopsis X Virtual personal risk —
Sound X Textures —
Minutesinthe VE —
Minutesin the VE ? —
Experiment 3
Interactions —
Second user 10%
Environmental detail —
Interactions * —
Environmental detail * +
Interactions X Second user —
Interactions X Environmental detail +
Second user X Environmental detail —
Minutesinthe VE +

Minutesin the VE 2 +

Table 40 contains a summary of the relationship between presence and performance. This
table contains correlations between perceived presence and performance for each task in each
experiment. The statistical significance of these correlations was tested using Fisher’sr to Z
transformation (Hays, 1981).
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Table 40. Correlations between perceived presence and performance.

Dependent Variable r z p
Experiment 1
Time to complete the Bins task 0.055 0.803 0.422
Time to complete the Turns task -0.192 -2.837 0.005
Errors made in completing the Turns task -0.180 -2.652 0.008
Time to complete the Search task -0.292 -4.381 0.0001
Time to complete the Choice task -0.083 -1.207 0.227
Experiment 2
Time to complete the Bins task 0.009 0.122 0.903
Time to complete the Turns task -0.124 -1.712 0.087
Errors made in completing the Turns task -0.162 -2.241 0.025
Time to complete the Search task -0.003 -0.046 0.963
Time to complete the Choice task -0.029 -0.400 0.689
Experiment 3
Timeto complete the Bins task -0.191 -2.824 0.005
Time to complete the Turns task -0.239 -3.560 0.0004
Errors made in completing the Turns task -0.230 -3.417 0.001
Time to complete the Search task -0.190 -2.807 0.005
Time to complete the Choice task -0.116 -1.696 0.090
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DISCUSSION

The following discussion is subdivided into sections discussing the results with respect to
performance, presence, and sequential experimentation and data bridging. Finally, implications for
future results are discussed and a summary is given of the conclusions that may be drawn from this
research.

Performance

In general, the results of this research with respect to performance measures are as expected
and consistent with literature examining similar tasks. However, many combinations of variables
and tasks had not been previously examined. Perhaps the most interesting finding is the lack of
effect the manipulated variables had on some tasks. This could be due to the smplicity of the tasks
and these results may not generalize to more complex and/or demanding tasks or applications such
as entertainment or flight smulation. Also, participants were not given extensive experience in the
VE prior to performance measurement. Thiswas so that the effects of time spent in the VE on
perceived presence could be tested. However, possible practice effects should be taken into
account in interpreting these findings. Finally, in discussing these results — especially with
respect to regression and empirical modeling — it should be noted that they can only be discussed
in the context of the parameter ranges tested. Extrapolation of these findings to variable ranges not
tested istenuous at best and could be, at worst, quite misleading. For example, given that the

maximum field of view tested in these studies was 48°, one cannot make predictions from these
data and analyses that would be valid for afull-field-of-view (i.e., 200°) display.

Distance Estimation

In performing the distance estimation task, participants seemed to invariably — even given
extensive practice — overestimate distance at the middle distances. This effect can be seeninthe
concave shape of the datain all figures portraying distance estimation data. The results of this
research indicate that this effect is increased by increasing the resolution of the visual display and
decreasing itsfield of view. Conversely, the inclusion of texture-mapping and stereopsis seemed
to cause participants to decrease their estimates at all distances, moreso for stereopsis than for
texture-mapping. The statistically significant interactions found in the second experiment involving
sound are puzzling: the only sounds present during this task were the ticking of the wall clock to
participants’ left and the feedback click the response buttons made as they were pressed.
Replication of these results would seem advisable. It should be noted with caution that distance
estimation was done from a stationary point of view: the fact that no effect of head-tracking was
found in thistask could well be due to the removal of motion parallax as adepth cue. The
empirical models of distance estimation performance indicate that, while the variables manipulated
in these studies did have significant effects on distance estimation, by far the most influential factor
in predicting estimated distance is (as one perhaps would expect) actual distance.

Object Manipulation

One surprising result was the lack of a significant effect of scene update rate on performance
of the Bins task, an object manipulation task. Based on the literature relating time delay to
performance in object manipulation tasks (see Held and Durlach, 1991), one would expect alarge,
statistically and practically significant effect of scene update rate in thistask. Some of the possible
reasons that this effect was not found are that scene update rate is not strictly equivalent to lag asit
has traditionally been investigated, that the minimum scene update rate (8 Hz) was not slow
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enough to generate significant performance decrementsin thistask, or that the variability of
performance on this task was too great for a statistically significant effect to reveal itself. Indeed,
no significant effects on performance of this task were found for any of the variables (or their
interactions) manipulated in Experiments 1 and 3. The regression equations predicting
performance in this task in these two experiments show a similar lack of predictive value (R? <
0.07 in both cases). What little predictive capability is contained in these equations seems to stem
from experience with the task (represented by the parameter estimate associated with the term for
minutes spent in the VE). While significant effects were found in Experiment 2 for thistask, the
pattern of these effects and possible reasons for them seem unclear. Again, the predictive value of
the empirical mode predicting performancein thistask was low (R? = 0.158).

Locomotion

Locomotion in the VE, as measured by performance on the Turns task, was affected by scene
update rate, field of view, head-tracking, virtual personal risk, and the interaction between sound
and textures. The pattern of the results for thistask with regard to errors and completion time
indicates that these effects were not the result of a speed-accuracy tradeoff. Not surprisingly,
performance on the task improved with increased scene update rate and field of view. Head-
tracking also had a beneficial effect on participants’ ability to moveinthe VE. The statistical
significance of the effect of virtual personal risk on errors made in completion of the Turnstask is
difficult to interpret. Participants did not have contact with the manipulation of virtual personal risk
(the absence of the back doorsin the elevator) until well after completion of thistask. The absolute
magnitude of this effect is relatively small and replication would seem in order before VE design
decisions are made based upon thisresult. The effect on errors made during the Turnstask of the
interaction between sound and texturesisinteresting: it seemsto indicate that one only had a
positive effect on performance in the absence of the other. This could be an effect of the amount of
feedback participants received during thistask. With sound on, they could hear themselves
bumping into the walls. With textures on, they could see changesin optical flow due to contact
with walls, especially when very close to them. With neither of these features active, feedback,
especially with regard to errors (i.e., contacts with walls), was reduced. The predictive value of
the regressions modeling time and errors in this task was generally low (R? < 0.25). Again,
judging from the parameter estimates found in these equations, this predictive value was primarily
the result of practice, or minutes spent in the VE.

Visual Search

Much literature exists showing that the time needed to perform avisua search is negatively
related to the field of view of the person performing the search. The results of Experiment 1
essentially replicate thisfinding. Interestingly, visual display resolution also had an effect on
performance of this task and interacted with field of view. These effects appear to be caused in
part by the large increase in search time associated with the low-field-of-view, low-resolution
condition. Sheer lack of information or bandwidth might have been an issue. The visual display
in this condition consisted of only 160 x 100 pixels. The presence of head-tracking increased
search time, probably due to the fact that participants were had to physically shift or rotate their red
bodies (often several times) to view the entire room. With head-tracking turned off, the entire
room could be searched smply by twisting the 3D controller. Again the statistically significant
effect of virtual personal risk on performance of thistask is puzzling: while they weretold at the
start of each trial (if they asked) whether or not virtual personal risk would be present, participants
did not experience it until after the Search task was complete. None of the variables manipulated in
Experiment 3 affected search time. Thisis somewhat unexpected. The second user, when
present, attempted to assist participants by informing them of the location of the ball (e.g., “It'son
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the floor to your left.”). However, participants had often already found the ball or had already
begun an established search pattern before assistance could be given. Except for the first
experiment, in which field of view and visua display resolution played akey role, the variables
manipulated in these studies seemed to have little effect on predicted search time in the models
calculated (R? < 0.10). Even with the inclusion of visual display resolution and field of view in the
first experiment, the resulting empirical model accounted for less than 20% of the variance in the
search time data.

Choice Reaction Time

It is remarkable that not asingle error was committed on the Choicetask in al three
experiments. Instructions given to participants were not designed to bias them in favor of either
speed or accuracy. None of the variables manipulated had a statistically significant effect on
performance of thistask except scene update rate, which caused choice reaction time to decrease as
it wasincreased. This effect could be asmple artifact of the fact that participants’ responsesin this
task were polled twice as often and twice as fast in the high scene update rate condition asin the
low scene update rate condition. Scene update rate was defined as the rate at which the entire VE
updated. Thisincluded all code managing interaction with the VE, which included the interaction
represented by participants responsesin the Choice task. The empirical models of performance of
thistask, again, generally predicted arelatively small percentage of the variance in the data.

Comparison to Lampton, Knerr, et al.

The concave functions found in the distance estimation task were strikingly similar to the
results reported by Lampton, Knerr, et a. (1994). Other than this, there seem to be few
comparisons between the results of this research and those of Lampton, Knerr, et a. (1994). The
absolute values of time to complete the Bins task (in seconds) were comparable. The focus of
these authors was primarily on the differences between input devices. Based on the results of the
three experiments conducted in the course of this research, this set of tasks a so seems adequate for
the purpose of testing the effects of other VE parameters with respect to both perceived presence
and task performance. In some cases, though, more demanding or complex tasks might be better
suited to this purpose.

Presence

The results with respect to perceived presence seem to vindicate the use of magnitude
estimation as a dependent variable useful in measuring this phenomenon. Adjusted to acommon
modulus, participants’ free-modulus magnitude estimates show clear and systematic effects of the
variables manipulated in thisresearch. Thisisborne out by the regression analyses performed
which, in most cases, account for over 40% of the variance in the presence data. The results of
this research show that field of view, sound, and head-tracking had the largest impacts on
perceived presence. Smaller, but still significant effects— in both a statistical and a practical sense
— were found for visual display resolution, texture-mapping, stereopsis, and the presence of a
second user. Finally, small, but statistically significant effects were found for scene update rate,
and the interaction between environmental detail and the number of interactions possiblein the VE.
These trends are supported by the results of the regression analyses conducted: specifically, a
comparison of the standardized parameter estimates associated with all of these effectsin the
empirical models reported, especially the model for Experiments 1 and 2 combined. These
regressions show that time spent in the VE was also amajor determinant of perceived presence.

105



Of the theories and schema proposed to account for presence in VEs and reviewed in the
introduction, perhaps the one that best fits these datais Steuer’s (1992). Hisideas and predictions
concerning vividness and interactivity generally match the findings of thisresearch. Thelarge
effects of field of view and sound nicely fit the concepts of sensory depth and sensory breadth
encompassed within vividness, as do the effects of visual display resolution, texture-mapping, and
stereopsis. The effects of head-tracking, scene update rate, and presence of a second user seem to
match his conception of interactivity. The one finding of this research that seems inconsistent with
his theory (and others) is that perceived presence was not affected by the number of interactions
possiblein the VE in the third experiment. This could be explained by some participants focusing
strictly on task performance and not exploring possible interactions, by the unnatural ness of
interacting with the VE through the use of a2D mouse, or it may be that the number of possible
interactionsin aVE really haslittle or no effect on perceived presence. One common theme among
many theories isthat time spent in the VE or adaptation to the VE causes an increase in the
experience of presence. This seems consistent with the results of this research.

The relationship between perceived presence and performance seemsreal, but weak. A
number of observations may be made regarding the role of presence and its second-order effect in
the empirical models that included these terms as regressors. While one or both of theseterms are
usualy found in the final empirical model predicting performance, the standardized parameter
estimates associated with them are sometimes small relative to the other included parameters (e.g.,
the models for errors made in completion of the Turns task and time to complete the Choice task in
Experiment 1). Sometimes the empirical model itself had little predictive value (e.g., the Bins task
models for Experiments 1 and 3 and the Search task model for Experiment 3). There were afew
cases in which the parameter estimate associated with presence or its second-order effect indicated
adominant or significant influence of these terms on task performance (e.g., performance of the
Search task in Experiment 1), but this dominance seems infrequent and not pervasive. With regard
to correlations between presence and performance, the results indicate that there is a positive
relationship between presence and performance. Correlations between performance improvement
and perceived presence were positive (when they were statistically significant). However, while
the mgjority of these correlations were statistically significant, their absolute value was low —
usually in therange of 0.05t0 0.30. Thisimpliesthat, in all cases, over 90% of the variance in the
performance data was accounted for by something other than perceived presence.

Sequential Experimentation and Data Bridging

This research seemed to prove the value of acommon data point in sequential
experimentation designs. Without this common data point, there would have been no means of
testing the assumption that the separate data sets resulting from each experiment could be combined
into one. Given the outcome of this research, it seems especialy important to design in acommon
data point in experimental sequencesin which a subjective measure is the primary dependent
variable.

The reasons for the difference between perceived presence in the third experiment and
perceived presence in the other two experiments remains somewhat unclear. The experimental
procedure, apparatus, and the experimenter himself were all identical. Post-hoc explorations of the
sample populations with respect to age and gender revealed no discernible differences. It was
hypothesized that, in spite of the random ordering of trials, the common data point trial in the third
experiment might have happened to fall, on average, earlier in the experimental session than in the
other two experiments. However, such was not the case. Perhaps the likeliest explanation for this
difference is the difference between the range of perceived presencein the experiments. Inthe
third experiment, the two effects that showed a significant impact upon perceived presence were
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relatively small. 1t may bethat participants ssimply did not notice much difference from tria to trial
in this experiment. Thisis contrasted with the other two experiments in which, given the effects
found, it may be surmised that participants typically experienced significant increases or decreases
in presence from trial to trial.

Future Research I mplications

One of the foremost implications for future research is the possibility of adding the results of
further studies to the data set resulting from this research. However, given that all three of the
experiments conducted could not be bridged into a single data set, it would seem imperative that
such studies include a data point containing the same conditions as those set by the common data
point in these experiments. Some variables and design points that might be examined, but could
not be in this research because of hardware and software limitations, are presence of avirtual
body, natural locomotion (i.e., walking) through the VE, expanded field of view, enhanced visual
display resolution, 3D localization and externalization of auditory stimuli, and tactile and force
feedback.

The results of Lampton, Knerr, et a. (1994) concerning performance on the distance
estimation task have been replicated. It is apparent that participants performing this task
overestimate at the middle distances. This effect was not removed by any variable manipulated in
these studies. Research is needed to discover why this effect occurs. One important piece of
information that needs to be gathered is whether this overestimation is due to the nature of this
particular task or whether it occursin al tasksin which distance estimation is a component. A
finding that participantsin aVE generally tend to overestimate distances to objects moving toward
them would be important indeed.

Given the apparent common wisdom in the VR community that more interactions increase
presence, further study and replication of the non-effect of this variable found in Experiment 3 are
needed. It seems possible and even likely that, when interactions are not integral to the task
performed in the VE, they do not affect participants sense of presence. It may be that the number
of possible interactionsin aVE only increases presence in entertainment applications.
Alternatively, this variable may have an effect only when highly interactive tasks are performed.
Further research is needed to establish under what conditions, if any, the number of interactions
possiblein a VE affects perceived presence.

Similarly, it has been proposed by a number of authors that the presence of virtual personal
risk increases presence. However, no such effect was found in thisresearch. This could mean
either that this variable really has no effect or smply that the manipulation used in this research had
no effect. A study is needed in which perceived virtual personal risk is directly measured (perhaps
using magnitude estimation) together with perceived presence. This seemsthe only way to reach a
definitive conclusion concerning the contribution of this variable to perceived presence.

Individual differences would seem the next frontier in presence research. Differences dueto
gender, age, computer experience, and other variables may be quite large and should be
investigated. The empirical models of perceived presence reported in the present research
accounted for lessthan half the variance in the presence data. While thisisagood start, the
guestion remains as to what accounts for the rest: individual differences seem alikely candidate.

Finally, it should be noted that al of the findings reported in this document may apply only to
arelatively simple set of laboratory tasks. Similar research investigating more elaborate tasks,
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more demanding tasks, entertainment applications, and learning environments needs to be
conducted.

Summary

With regard to the research hypotheses stated in the introduction, the conclusions one may
draw from thisresearch are:

1) That the VR system parameters manipulated and analyzed in this research affected users
subjective feeling of presencein aVR system. Field of view, sound, and head-tracking
showed the largest effects. Other significant effects found were those of visua display
resolution, texture-mapping, stereopsis, and the presence of a second user.

2) Free-modulus magnitude estimation can be used to measure subjective presencein a VE.
Furthermore, this measure can be used to generalize and compare results across users,
across experiments, across tasks, and across differently-configured VR systems.

3) A positive relationship exists between a user's subjective feeling of presenceina VE and
the user's performance of tasks within that environment, at least for the simple tasks used
inthisresearch. While this relationship is positive, it does not seem very strong.

4) Empirica models of the effects of the parameters manipulated were constructed based on
the results of this research that predict both presence and performancein a VE based upon
the parameters of the VR system in question. The models of presence accounted for over
40% of the variance in the observations. However, in most cases, the predictive value of
the models with regard to performance variables was relatively weak . Given that these
models are the first of their kind, it is hoped that even the performance models will aid the
VE design community to asmall extent.
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APPENDIX A: INTRODUCTION TO THE STUDY

The purpose of this study isto investigate the perception of presencein avirtual environment
and the relationship between presence and performance. Presenceis the degree to which a user
feelsasif he/sheisactually present in avirtua environment. The study is being conducted in the
Human-Computer Interface Laboratory (HCIL), Department of Industrial and Systems
Engineering (ISE) at Virginia Tech (530 Whittemore Hall). The principal investigators are Michael
P. Snow, agraduate student in ISE, and Dr. R. C. Williges, director of the HCIL.

In this study you will be asked to perform avariety of tasksin avirtual environment. These
tasks involve navigating, estimating distances, manipulating an object, looking for an object, and
reacting to the appearance of an object. The design of the virtual environment is being evaluated,
not you. Please do not be nervous about your performance on any of the tasks, just follow

instructions and proceed in amanner that is comfortable for you.

Y ou are being asked to spend two to three hours in the HCIL participating in this experiment.
After reading thisintroduction, you will be asked to fill out an informed consent form. If you
agree to participate, your vision will be tested to ensure that you have normal visual acuity, color
vision, and ability to perceive objectsin depth. A measurement will also be taken to establish your
virtual height.

Before the actual experimental session begins, you will be given further instruction about the
tasks and what is expected of you as a participant. Y ou will be given practice on arating task that

you will perform and shown the tasks to be performed in the virtual environment.

Once you are familiar with the tasks, you will be asked to perform them severa times. The

virtual environment will be altered in some way each time.
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If you pass the vision screening and participate in the study, you will be paid $5 per hour for
your participation. During the experiment, if for any reason you decide not to continue, you will
be paid for the time that you have participated. Similarly, if the experiment isinterrupted and must

be terminated because of an equipment failure, you will be paid for the time spent up to the point of

termination.

If you are still interested in participating in the study, please read and sign the informed

consent form. Thank you for your participation.
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APPENDIX B: INFORMED CONSENT FORM

VIRGINIA POLYTECHNIC INSTITUTE AND STATEUNIVERSITY

Informed Consent for Participants of Investigative Projects

Title of Project: Presence and performance in virtual environments

Principal Investigator: Michael P. Snow

THE PURPOSE OF THISRESEARCH AND ITS PROCEDURES

* You areinvited to participate in this study whose purpose, description, and procedures are

contained in the Introduction to the Study document, which you have already read. This study

involves 48 participants, including yourself. Thereisasmall chance that you will experience
some temporary side effects from wearing the head-mounted display. Examples reported in
the past by subjectsin other virtua reality studies at other ingtitutions include eyestrain,
disorientation, dizziness, and symptoms similar to motion sickness. It isunlikely that you
will experience these effects; however, if you experience any adverse symptoms, please notify
the experimenter immediately. Remember that you are free to withdraw from the study at any

time.

BENEFITSOF THISPROJECT

» While there are no direct benefits to you from participating in this study (other than

payment), you may find the experiment interesting and even entertaining.

* No guarantee of benefits has been made to encourage you to participate.
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VI,

VII.

* You may receive asynopsis or summary of this research when it is completed. Please leave
a self-addressed envelope or your el ectronic mailing address with the experimenter if thisis

what you wish.

EXTENT OF ANONYMITY AND CONFIDENTIALITY

* Your anonymity will be strictly preserved. Theinformation you provide will have your
name removed and only a subject number will identify you during analyses and any written

reports of the research.

COMPENSATION

* For participation in the project you will receive $5 per hour. Payment will be made

immediately following participation in the experiment.

FREEDOM TO WITHDRAW

* You are free to withdraw from this study at any time without penalty. If you chooseto
withdraw, compensation will be prorated and you will be paid for the time you spent
participating in the study. Thiswill also be the caseif the investigator terminates the

experiment because of equipment failure.

APPROVAL OF RESEARCH

* This research project has been approved, as required, by the Ingtitutional Review Board for

projects involving human subjects at Virginia Polytechnic Institute and State University.

SUBJECT'S RESPONSIBILITIES AND PERMISSION

* | know of no reason | cannot participate in this study.
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* | have read and understand the informed consent and conditions of this project. All of my
guestions have been answered. | hereby acknowledge the above and give my voluntary

consent to participate in this project.

* If | participate, | may withdraw at any time without penalty. | agree to abide by the rules of

this project.

Signature

Date
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VIIT. PARTICIPANT'SCONTACTS

Should | have any questions about this research or its conduct, | will contact:

Michael P. Snow 1-3193
Investigator Phone

Dr.R. C. Williges 1-6270
Faculty Advisor Phone

Ernest R. Stout 1-9359
Chair, IRB Phone

Research Division
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APPENDIX C: PARTICIPANT INSTRUCTIONS

In this experiment, you will be asked to perform a set of tasksin avirtual environment. This
set of tasks will be repeated a number of times and the virtual environment will be altered in some
way each time. You will be asked to assign a number to your fegling of "presence” in the virtual
environment each time you perform the set of tasks. By presence, what is meant is how much you
feel asif you are actually present in the virtual environment each time you perform the tasks.
Assign any number that seems appropriate to you to the first set of tasks. Then assign successive
numbersin such away that they reflect your subjective impression of presence in the virtual
environment. For example, if your sense of presence during a set of tasks seems 10 times greater
than on the first set of tasks, assign it anumber 10 times larger than thefirst. If your sense of
presence during a set of tasks seems one fifth what it was on the first set of tasks, assignit a
number onefifth as great asthefirst. Thereisno limit to the range of numbers that you may use.
Y ou may use any positive numbers that seem appropriate to you — whole numbers, decimals, or
fractions. Try to make each number proportional to your feeling of presencein the virtual

environment as you perceive it.

To give you some practice at this rating procedure, you will first be asked to rate the length of
twenty lines. These lineswill be presented to you one at atime in random order. Assign a number
to each line that matches your impression of itslength. Assign any number to thefirst line that
seems appropriate to you and assign successive humbers so that they reflect your subjective
impression of how long each lineis. Thereisno limit to the range of numbers you may use and
you may use any positive numbers that seem appropriate to you — whole numbers, decimals, or
fractions. Try to make each number proportional to your impression of the length of each line. Let

the experimenter know when you are ready to begin.

*kkk*
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Next, you will be shown the set of tasks you will be performing in the virtual environment.
Y ou will be given control of one 3D controller and amouse. The 3D controller controls your
viewpoint (except during the Bins task; thiswill be explained later) and the mouse controls the
cursor (the arrow). You will interact with the world by moving around in it using the 3D controller
and clicking on objects with the mouse. The experimenter will show you which objects may be
activated by clicking on them. Y ou will also be able to look around the virtual environment (in
most conditions) by moving your head. There are five tasksin each set. The tasks have the
following names. Distance Estimation, Bins, Turns, Search, and Choice Y ou should attempt to
perform all tasks as quickly and accurately as possible. All tasks are timed except for the Distance
Estimation task. During the timed tasks (except for the Bins task) interactions and manipulationsin
the environment will be turned off. Y ou will be given feedback at the end of each set of tasks on

how quickly you performed the tasks and any errors you made. The tasks are described below.

Distance Estimation. A human figure will appear at the end of aforty-foot corridor. This
figureissix feet tall. You will also see aresponse panel to your right. The figure will begin to
move toward you when you contact the green start block at the entry to the corridor. Usethe
mouse to click on the appropriate button when the figure appears to be 20 feet away, 10 feet away,

5 feet away, and 2.5 feet away ("arm's length™).

Bins. Youwill face athree by three stack of open-ended, box-like compartments (bins)
much like Tic-Tac-Toe squares. To begin the task, move into the red start block until you contact
the green part. Face the binsasyou do this. A red ball will appear in one of the binsand an X will
appear in another. Usethe 3D controller to move the blue 3D cursor in front of you until it

contactsthe ball. Then drag the ball out of its start bin and put it into the bin marked with an X.

Turns. You will navigate through a continuous narrow corridor that turns aternately to the

left and right.
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Search. To begin the task, moveinto the red start block until you contact the green part.
Face the door across from the one you entered as you do this. A red ball will appear near the floor,
ceiling, or walls (outside your view), and move slowly around the room. Search for the ball by
making head movements and/or by controlling your viewpoint using the 3D controller. Click on

the ball with the mouse when you seeit.

Choice. To begin the task, moveinto the red start block until you contact the green part.
Face the four white blocks on the wall as you do this. An X will appear on one of the blocks. Use

the mouse to click on either the X or the block on which it appears.

After the Choice task, move onto the red end block in the corner of the room to end the tria
and get feedback on your performance. Y ou are freeto click on interactive objects at any time

except during timed tasks. Let the experimenter know when you are ready for a demonstration.
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APPENDIX D: ANOVA SUMMARY TABLES

Table41l. ANOVA summary table for distance estimation performance in Experiment 1.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 3259.38 296.31
Within-Subject
Actua Distance (ACT) 3  39099.30 13033.10 147344  0.0001
ACT xS 33 291.90 8.85
Scene Update Rate (SUR) 2 18.01 9.01 2.17 0.138
SURX S 22 91.30 4.15
Visual Display Resolution (VDR) 1 110.61 110.61 13.33 0.004
VDRX S 11 91.28 8.30
Field of View (FOV) 2 67.07 33.53 4.12 0.030
FOV x S 22 17911 8.14
ACT x SUR 6 5.10 0.85 1.56 0.174
ACTxSURX S 66 36.02 0.55
ACT x VDR 3 21.16 7.05 6.14 0.002
ACT xVDRxS 33 37.91 115
ACT x FOV 6 25.54 4.26 4.27 0.001
ACT xFQOV x S 66 65.77 1.00
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SUR x VDR 2 10.88 5.44 1.40 0.268
SURXVDRX S 22 85.40 3.88
SUR x FOV 4 6.69 1.67 0.42 0.196
SUR X FOV x S 44 176.66 4.02
VDR x FOV 2 38.04 19.02 331 0.054
VDR X FOV x S 22 126.39 5.74
ACT x SURX VDR 6 5.30 0.88 1.04 0.406
ACT x SURXVDRX S 66 55.95 0.85
ACT x SUR x FOV 12 10.79 0.90 1.22 0.278
ACT x SURX FOV x S 132 97.55 0.74
ACT x VDR x FOV 6 24.07 4.01 3.15 0.009
ACT xVDRXxFQV x S 66 83.98 1.27
SUR x VDR x FOV 4 49.52 12.38 2.52 0.057
SURXVDRXFQOV x S 44 216.37 4.92
ACT x SURX VDR x FOV 12 13.71 114 112 0.350
ACT x SURX VDR Xx FOV x S 132 134.69 1.02
Total 852 41276.07  13298.43
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Table42. ANOVA summary table for time to complete the Binstask in Experiment 1.

Source df SS MS F p

Between-Subjects

Subjects (S) 11  19550.64  1777.33
Within-Subject
Scene Update Rate (SUR) 2 953.22 476.61 2.36 0.118
SURX S 22 4439.69 201.80
Visual Display Resolution (VDR) 1 448.56 448.56 2.97 0.113
VDRX S 11 1661.53 151.05
Field of View (FOV) 2 89.42 44.71 0.39 0.685
FOV x S 22 2551.88 115.99
SUR X VDR 2 10.86 5.43 1.01 0.987
SURXVDRxXx S 22 9045.13 411.14
SUR x FOV 4 491.80 122.95 0.52 0.720
SURXFOV x S 44 10370.60 235.69
VDR x FOV 2 198.73 99.37 0.66 0.527
VDRXFQOV x S 22 3313.19 150.60
SUR x VDR x FOV 4 299.30 74.83 0.60 0.662
SURXVDRXxFOV x S 44 5453.36 123.94
Totd 204  39327.27 2662.67
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Table43. ANOVA summary table for errors made during the Turns task in Experiment 1.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 3259.38 296.31
Within-Subject
Scene Update Rate (SUR) 2 40.56 20.28 118 0327
SURXS 22 379.66 17.26
Visua Display Resolution (VDR) 1 9.38 9.38 019 0675
VDRX S 11 554.35 50.40
Field of View (FOV) 2 182.95 91.48 181 0187
FOV x S 22 111094 50.50
SUR x VDR 2 115.58 57.79 091 0416
SURXVDRX S 22 1392.19 63.28
SUR x FOV 4 56.38 14.09 049  0.745
SUR X FOV x S 44 1272.40 28.92
VDR x FOV 2 5.03 2.51 008 0923
VDRX FOV X S 22 685.75 31.17
SUR x VDR x FOV 4 121.47 30.37 096 0439
SUR x VDR X FOV X S 44 139175 31.63
Total 204  7318.39 499.06
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Table 44. ANOVA summary table for time to complete the Turns task in Experiment 1.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 1414572 128597
Within-Subject
Scene Update Rate (SUR) 2 3214.85 1607.43 11.27 0.001
SURX S 22 3136.65 14257
Visua Display Resolution (VDR) 1 2.29 2.29 0.03 0.869
VDRX S 11 876.54 79.69
Field of View (FOV) 2 670.40 335.20 3.20 0.061
FOV x S 22 2307.97 104.91
SUR X VDR 2 145.27 72.63 0.84 0.446
SURXxVDRX S 22 1907.07 86.68
SUR x FOV 4 259.24 64.81 0.46 0.764
SURX FOV x S 44 6178.48 140.42
VDR x FOV 2 113.17 56.59 0.26 0.776
VDR X FOV x S 22 4820.80 219.13
SUR x VDR x FOV 4 551.65 137.91 1.52 0.212
SURXVDRXFQOV x S 44 3985.03 90.57
Tota 204  28169.41 3140.83
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Table 45. ANOVA summary table for the Search task in Experiment 1.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 1023.87 93.08
Within-Subject
Scene Update Rate (SUR) 2 128.45 64.22 1.20 0.321
SURX S 22 1179.83 53.63
Visua Display Resolution (VDR) 1 306.40 306.40 5.30 0.042
VDRX S 11 636.28 57.84
Field of View (FOV) 2 986.80 493.40 11.33 0.001
FOV x S 22 958.38 43.56
SUR X VDR 2 15.27 7.64 0.13 0.879
SURXxVDRX S 22 1295.59 58.89
SUR x FOV 4 341.40 85.35 1.64 0.180
SURXFOV x S 44 2283.58 51.90
VDR x FOV 2 403.92 201.96 3.83 0.037
VDRXFQOV x S 22 1160.18 52.74
SUR x VDR x FOV 4 52.14 13.03 0.30 0.877
SURXVDRXFQOV x S 44 1918.39 43.60
Tota 204  11666.61 1534.16
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Table 46. ANOVA summary table for the Choice task in Experiment 1.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 2.18 0.20
Within-Subject
Scene Update Rate (SUR) 2 1.89 0.94 5.46 0.012
SURX S 22 3.80 0.17
Visual Display Resolution (VDR) 1 0.58 0.58 3.12 0.105
VDRX S 11 2.05 0.19
Field of View (FOV) 2 0.35 0.17 1.41 0.265
FOV x S 22 2.70 0.12
SUR x VDR 2 0.07 0.03 0.25 0.780
SURXVDRxXx S 22 2.97 0.13
SUR x FOV 4 0.87 0.22 1.87 0.133
SURX FOV x S 44 5.12 0.12
VDR x FOV 2 0.06 0.03 0.20 0.823
VDRXFQOV x S 22 341 0.16
SUR x VDR x FOV 4 0.40 0.10 1.04 0.398
SURXVDRXxFOV x S 44 4.25 0.10
Totd 204 28.52 3.06
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Table47. ANOVA summary table for presence in Experiment 1.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 233.94 21.27
Within-Subject
Scene Update Rate (SUR) 2 33.01 16.51 4.70 0.020
SURX S 22 77.34 3.52
Visual Display Resolution (VDR) 1 112.95 112.95 8.93 0.012
VDRX S 11 139.14 12.65
Field of View (FOV) 2 1282.64 641.32 18.13 0.0001
FOV x S 22 778.13 35.37
SUR X VDR 2 1.10 0.55 0.10 0.901
SURXVDRxXx S 22 115.49 5.25
SUR x FOV 4 15.26 3.82 0.60 0.668
SURX FOV x S 44 281.80 6.40
VDR x FOV 2 6.31 3.15 0.39 0.681
VDRXFQOV x S 22 177.47 8.07
SUR x VDR x FOV 4 11.28 2.82 0.64 0.636
SURXVDRXxFOV x S 44 193.47 4.40
Totd 204 3225.39 856.78
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Table 48. ANOVA summary table for distance estimation performance in Experiment 2.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 503.04 45.73
Within-Subject
Actua Distance (ACT) 3 3059332 10197.77 678.75  0.0001
ACT xS 33 495.80 15.02
Sound (SND) 1 0.06 0.06 0.01 0.940
SND x S 11 114.24 10.39
Textures (TEX) 1 12.85 12.85 9.10 0.012
TEX XS 11 1554 141
Head-tracking (HT) 1 3.79 3.79 0.39 0.547
HT xS 11 107.79 9.80
Stereopsis (STE) 1 53.34 53.34 4.99 0.047
STEXS 11 117.62 10.69
Virtual Personal Risk (VPR) 1 331 331 0.49 0.498
VPR X S 11 74.02 6.73
ACT x SND 3 0.35 0.12 0.12 0.947
ACTxSND x S 33 31.78 0.96
ACT xTEX 3 0.93 0.31 0.44 0.723
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ACTXTEX XS

ACT x HT

ACT xXHT xS

ACT x STE

ACT xSTEX S

ACT x VPR

ACT X VPRXS

SND x TEX

SND x TEX X S

SND x HT

SND xHT xS

SND x STE

SND x STEX S

SND x VPR

SND x VPR x S

TEX X HT

TEXXHT XS

TEX X STE

TEXXSTEX S

TEX X VPR

33

33

33

33

11

11

11

11

11

11
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2291

5.01

44.93

1.10

39.92

4.56

44.07

0.24

88.44

0.12

107.38

39.82

45.59

0.89

54.36

16.66

77.48

5.20

47.56

13.87

0.69

1.67

1.36

0.37
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1.52

1.34

0.24

8.04

0.12

9.76

39.82

4.14

0.89

4.94

16.66

7.04

5.20

4.32

13.87

1.23

0.30

1.14

0.03

0.01

9.61

0.18

2.37

1.20

3.53

0.316

0.824

0.348

0.866

0.912

0.010

0.680

0.152

0.296

0.087



TEXXVPRXS

HT x STE

HT x STEX S

HT x VPR

HT X VPR X S

STExX VPR

STEXVPRXS

ACT x SND x TEX

ACT xSND X TEX xS

ACT x SND x HT

ACT X SND xHT x S

ACT x SND x STE

ACT xSND x STEX S

ACT x SND x VPR

ACT x SND x VPR X S

ACT X TEX X HT

ACTXTEXXHT xS

ACT x TEX X STE

ACT XTEX XSTEX S

ACT x TEX X VPR

11

11

11

11

33

33

33

33

33

33
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43.19

6.60

70.21

0.47

33.36

1.90

55.88

5.83

17.06

3.40

19.45

2.16

32.04

142

46.63

591

99.47

1.53

29.07

3.77

3.93

6.60

6.38

0.47

3.03

1.90

5.08

1.94

0.52
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0.59

0.72

0.97

0.47
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1.97

1.80

0.51

0.88

1.26

1.03

0.16

0.37

3.76

1.92

0.74

0.33

1.09

0.58

1.37

0.331

0.701

0.553

0.020

0.145

0.534

0.800

0.366

0.634

0.269



ACT XTEXXVPRXS 33 30.29 0.92
ACT xHT x STE 3 1.01 0.34 0.21 0.891
ACT xHT xSTEX S 33 53.91 1.63
ACT xHT x VPR 3 3.14 1.05 1.45 0.246
ACT xHT xVPRX S 33 23.76 0.72
ACT x STEX VPR 3 3.80 1.27 1.38 0.266
ACT xSTEXVPRXS 33 30.25 0.92
Total 756 32870.36  10498.16
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Table 49. ANOVA summary table for time to complete the Bins task in Experiment 2.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 7299.47 663.59
Within-Subject
Sound (SND) 1 45.67 45.67 0.26 0.622
SND x S 11 1949.31 177.21
Textures (TEX) 1 0.35 0.35 0.001 0.966
TEX XS 11 2000.97 181.91
Head-tracking (HT) 1 611.83 611.83 4.26 0.063
HT xS 11 1578.24 143.48
Stereopsis (STE) 1 101.41 101.41 1.29 0.280
STEXS 11 863.77 78.52
Virtual personal risk (VPR) 1 379.91 379.91 451 0.057
VPRX S 11 926.94 84.27
SND x TEX 1 109.26 109.26 0.78 0.396
SND X TEX x S 11 1538.18 139.83
SND x HT 1 224.64 224.64 141 0.260
SNDXxHT x S 11 1748.07 158.92
SND x STE 1 745.92 745.92 8.38 0.015
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SND x STEx S 11 978.81 88.98
SND x VPR 1 6.11 6.11 0.05 0.831
SND x VPR x S 11 1407.94 127.99
TEX X HT 1 476.97 476.97 7.69 0.018
TEXXHT XS 11 682.28 62.03
TEX X STE 1 14.05 14.05 0.14 0.717
TEXXSTEX S 11 1120.35 101.85
TEX X VPR 1 292.25 292.25 2.37 0.152
TEXXVPRXS 11 1355.84 123.26
HT x STE 1 0.01 0.01  0.00009 0.993
HT x STEX S 11 1002.30 91.12
HT x VPR 1 0.02 0.02 0.0002 0.989
HT X VPR X S 11 984.51 89.50
STExX VPR 1 73.31 73.31 0.44 0.520
STEXVPRXS 11 1823.63 165.78
Total 180 23042.85 4896.36
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Table 50. ANOVA summary table for errors made in completing the Turns task in Experiment 2.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 10297968  9361.79
Within-Subject
Sound (SND) 1 15.76 15.76 001  0.924
SNDX S 11 1831656  1665.14
Textures (TEX) 1 584.51 584.51 042 0528
TEX X S 11 1514431  1376.76
Head-tracking (HT) 1 1233605 12336.05 618  0.030
HT x S 11 21949.77  1995.43
Stereopsis (STE) 1 238713  2387.13 142 0258
STEx S 11 1843718  1676.11
Virtual persondl risk (VPR) 1 473026  4730.26 509  0.045
VPRX S 11 10214.56 928.60
SND x TEX 1 16818.80 16818.80 672  0.025
SND x TEX x S 11 2751052  2500.96
SND x HT 1 1931.67 193167 072 0415
SND X HT X S 11 29592.64  2690.24
SND x STE 1 465117  4651.17 360 0084
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SND x STEx S 11 14220.14 1292.74
SND x VPR 1 2603.38 2603.38 1.09 0.318
SND x VPR x S 11 26194.43 2381.31
TEX X HT 1 5094.38 5094.38 242 0.148
TEXXHT XS 11 2313043 2102.77
TEX X STE 1 5302.51 5302.51 3.63 0.083
TEXXSTEX S 11  16060.81 1460.07
TEX X VPR 1 967.51 967.51 0.42 0.530
TEXXVPRXS 11 25282.31 2298.39
HT x STE 1 14.63 14.63 0.01 0.926
HT x STEX S 11 17697.18 1608.83
HT x VPR 1 2220.88 2220.88 0.62 0.449
HT X VPR X S 11 39647.43 3604.31
STExX VPR 1 1360.01 1360.01 0.66 0.433
STEXVPRXS 11 22540.31 2049.12
Total 180 386957.23  90649.43
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Table51. ANOVA summary table for time to complete the Turns task in Experiment 2.

Source df SS MS F p

Between-Subjects

Subjects (S) 11  10014.65 910.42
Within-Subject
Sound (SND) 1 983.19 983.19 3.66 0.082
SND x S 11 2955.40 268.67
Textures (TEX) 1 3.68 3.68 0.02 0.900
TEX XS 11 2436.55 221.50
Head-tracking (HT) 1 2374.59 2374.59 10.59 0.008
HT xS 11 2466.48 224.23
Stereopsis (STE) 1 256.32 256.32 0.98 0.344
STEXS 11 2881.80 261.98
Virtual personal risk (VPR) 1 5.19 5.19 0.04 0.847
VPRX S 11 1457.24 132.48
SND x TEX 1 789.43 789.43 1.74 0.214
SNDXTEX x S 11 4980.63 452.78
SND x HT 1 631.48 631.48 131 0.277
SNDXxHT x S 11 5305.02 482.27
SND x STE 1 0.02 0.02 0.0002 0.988
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SND x STEx S 11 773.39 70.31
SND x VPR 1 140.22 140.22 0.32 0.581
SND x VPR x S 11 4758.49 432.59
TEX X HT 1 612.26 612.26 1.60 0.232
TEXXHT XS 11 4198.53 381.68
TEX X STE 1 61.83 61.83 0.27 0.614
TEXXSTEX S 11 2527.46 229.77
TEX X VPR 1 323.18 323.18 1.69 0.220
TEXXVPRXS 11 2104.60 191.33
HT x STE 1 135.48 135.48 1.64 0.227
HT x STEX S 11 909.96 82.72
HT x VPR 1 154.91 154.91 0.36 0.561
HT X VPR X S 11 4735.86 430.53
STExX VPR 1 231.97 231.97 1.38 0.264
STEXVPRXS 11 1844.06 167.64
Total 180 51039.22 10734.23
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Table52. ANOVA summary table for time to complete the Search task in Experiment 2.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 545.00 49.55
Within-Subject
Sound (SND) 1 10.05 10.05 0.55 0.476
SND x S 11 202.76 18.43
Textures (TEX) 1 0.05 0.05 0.002 0.962
TEX XS 11 256.49 23.32
Head-tracking (HT) 1 56.78 56.78 474 0.052
HT xS 11 131.76 11.98
Stereopsis (STE) 1 1.15 1.15 0.08 0.785
STEXS 11 162.00 14.73
Virtual personal risk (VPR) 1 51.57 51.57 5.70 0.036
VPRX S 11 99.50 9.05
SND x TEX 1 9.36 9.36 1.04 0.329
SNDXTEX x S 11 98.57 8.96
SND x HT 1 0.82 0.82 0.20 0.660
SND xHT x S 11 43.86 3.99
SND x STE 1 10.65 10.65 0.48 0.503
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SND x STEx S 11 244.57 22.23
SND x VPR 1 24.62 24.62 1.75 0.213
SND x VPR x S 11 154.88 14.08
TEX X HT 1 25.05 25.05 1.42 0.259
TEXXHT XS 11 194.60 17.69
TEX X STE 1 62.94 62.94 3.93 0.073
TEXXSTEX S 11 176.04 16.00
TEX X VPR 1 1.90 1.90 0.14 0.712
TEXXVPRXS 11 146.32 13.30
HT x STE 1 1.65 1.65 0.10 0.752
HT x STEX S 11 173.00 15.73
HT x VPR 1 2.26 2.26 0.21 0.658
HT X VPR X S 11 120.17 10.92
STExX VPR 1 4.24 4.24 0.34 0.569
STEXVPRXS 11 135.60 12.33
Total 180 2603.21 475.83
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Table 53. ANOVA summary table for time to complete the Choice task in Experiment 2.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 4.00 0.36
Within-Subject
Sound (SND) 1 0.17 0.17 0.99 0.341
SND x S 11 1.84 0.17
Textures (TEX) 1 0.25 0.25 2.25 0.162
TEX XS 11 121 0.11
Head-tracking (HT) 1 1.07 1.07 2.32 0.156
HT xS 11 5.06 0.46
Stereopsis (STE) 1 0.11 0.11 0.61 0.451
STEXS 11 1.93 0.18
Virtual persond risk (VPR) 1 0.01 0.01 0.03 0.857
VPRXS 11 3.25 0.30
SND x TEX 1 0.98 0.98 3.68 0.081
SNDXTEX x S 11 2.94 0.27
SND x HT 1 0.26 0.26 2.05 0.180
SNDXxHT x S 11 142 0.13
SND x STE 1 0.49 0.49 3.27 0.098
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SND x STEx S 11 1.64 0.15
SND x VPR 1 0.21 0.21 0.85 0.377
SND x VPR x S 11 2.77 0.25
TEX X HT 1 0.24 0.24 1.30 0.279
TEXXHT XS 11 2.07 0.19
TEX X STE 1 0.41 0.41 1.22 0.294
TEXXSTEX S 11 3.69 0.34
TEX X VPR 1 0.10 0.10 0.55 0.473
TEXXVPRXS 11 2.02 0.18
HT x STE 1 0.39 0.39 2.12 0.173
HT x STEX S 11 201 0.18
HT x VPR 1 0.00006 0.00006 0.0002 0.989
HT X VPR X S 11 3.25 0.30
STExX VPR 1 0.15 0.15 0.74 0.408
STEXVPRXS 11 2.23 0.20
Total 180 42.17006 8.25006
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Table 54. ANOVA summary table for presence in Experiment 2.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 541.55 49.23
Within-Subject
Sound (SND) 1 1881.03 1881.03 11.76 0.006
SND x S 11 1759.27 159.93
Textures (TEX) 1 126.84 126.84 12.87 0.004
TEX X S 11 108.38 9.85
Head-tracking (HT) 1 1180.64 1180.64 14.40 0.003
HT xS 11 901.92 81.99
Stereopsis (STE) 1 174.58 174.58 6.17 0.030
STEXS 11 311.32 28.30
Virtual persond risk (VPR) 1 0.01 0.01 0.0006 0.980
VPRX S 11 206.33 18.76
SND x TEX 1 27.63 27.63 421 0.065
SNDXTEX x S 11 72.19 6.56
SND x HT 1 71.48 71.48 3.94 0.072
SNDXxHT x S 11 199.32 18.12
SND x STE 1 3.36 3.36 0.37 0.556
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SND x STEx S 11 100.18 911
SND x VPR 1 26.50 26.50 2.63 0.133
SND x VPR x S 11 110.70 10.06
TEX X HT 1 3.44 3.44 0.76 0.403
TEXXHT XS 11 49.93 4.54
TEX X STE 1 1.16 1.16 0.07 0.789
TEXXSTEX S 11 170.25 15.48
TEX X VPR 1 0.37 0.37 0.05 0.821
TEXXVPRXS 11 75.86 6.90
HT x STE 1 0.06 0.06 0.01 0.923
HT x STEX S 11 70.38 6.40
HT x VPR 1 0.09 0.09 0.01 0.926
HT X VPR X S 11 115.96 10.54
STExX VPR 1 11.31 11.31 1.01 0.336
STEXVPRXS 11 122.95 11.18
Total 180 7883.44 3906.22
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Table 55. ANOVA summary table for distance estimation performance in Experiment 3.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 398.11 36.19
Within-Subject
Actua Distance (ACT) 3 3722873  12409.58 736.74 0.0001
ACT xS 33 555.85 16.84
Interactions (INT) 2 14.79 7.39 131 0.291
INT xS 22 124.50 5.66
Second User (SU) 1 4.03 4.03 0.64 0.442
SUxS 11 69.71 6.34
Environmental Detail (ED) 2 1.24 0.62 0.11 0.8%4
ED xS 22 120.47 5.48
ACT x INT 6 3.92 0.65 0.78 0.587
ACT xINTx S 66 55.08 0.83
ACT x SU 3 1.36 0.45 0.28 0.836
ACTxSUxS 33 52.39 1.59
ACT xED 6 6.81 114 0.81 0.567
ACTxXEDXx S 66 92.73 141
INT x SU 2 4.43 2.22 0.47 0.631
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INTXxSUXS 22 103.63 4.71
INT x ED 4 33.76 8.44 1.82 0.142
INTXED XS 44 203.90 4.63
SU x ED 2 8.92 4.46 0.74 0.487
SUXEDXS 22 131.91 6.00
ACT X INT x SU 6 8.67 145 1.35 0.248
ACT XINTxSUXx S 66 70.73 1.07
ACT X INT xED 12 21.49 1.79 1.63 0.090
ACT XINTXEDX S 132 144.92 1.10
ACT xSU x ED 6 5.78 0.96 0.82 0.552
ACTxSUXEDXS 66 77.60 1.18
INT x SU x ED 4 19.34 4.83 0.97 0.432
INTxSUXED XS 44 218.50 4.97
ACT xINT x SU x ED 12 5.42 0.45 0.56 0.873
ACT XINTXxSUXED XS 132 107.17 0.81
Total 852 39497.78  12511.08

150



Table 56. ANOVA summary table for time to complete the Binstask in Experiment 3.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 12469753  11336.14
Within-Subject
Interactions (INT) 2 715.86 357.93 0.40 0.677
INT xS 22 19799.08 899.96
Second User (SU) 1 848.35 848.35 0.66 0.432
SUxS 11 14056.28 1277.84
Environmental Detail (ED) 2 942.58 471.29 0.18 0.839
ED xS 22  58542.24 2661.01
INT x SU 2 2937.45 1468.72 0.98 0.390
INTXxSUXS 22 3287551 1494.34
INT x ED 4 2199.84 549.96 0.52 0.720
INTXED XS 44  46367.84 1053.81
SU x ED 2 2342.80 1171.40 0.86 0.438
SUXED XS 22  30091.87 1367.81
INT x SU x ED 4 7693.60 1923.40 112 0.361
INTXxSUXEDXS 44  75849.70 1723.86
Totd 204 295263  17269.68
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Table57. ANOVA summary table for errors made during the Turns task in Experiment 3.

Source df SS MS F p

Between-Subjects

Subjects (S) 11 63417.81  5765.26
Within-Subject
Interactions (INT) 2 1344.18 672.09 1.02 0.377
INT xS 22  14498.16 659.01
Second User (SU) 1 14.52 14.52 0.01 0.926
SUxS 11 1772715 1611.56
Environmental Detail (ED) 2 2522.81 1261.41 171 0.204
EDx S 22  16203.85 736.54
INT x SU 2 1004.34 502.17 0.73 0.495
INTXxSUXS 22  15226.66 692.12
INT x ED 4 4271.82 1067.96 1.43 0.239
INTXED XS 44 3278451 745.10
SU x ED 2 650.48 325.24 0.41 0.666
SUXED XS 22  17259.52 784.52
INT x SU x ED 4 3931.16 982.79 1.70 0.167
INTXxSUXEDXS 44  25401.18 577.30
Totd 204 152840.34  10632.33
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Table 58. ANOVA summary table for time to complete the Turns task in Experiment 3.

Source df SS MS F p

Between-Subjects

Subjects (S) 11  37600.15  3418.20
Within-Subject
Interactions (INT) 2 311.69 155.85 0.85 0.442
INT xS 22 4043.36 183.79
Second User (SU) 1 68.32 68.32 0.14 0.715
SUxS 11 5368.30 488.03
Environmental Detail (ED) 2 1498.36 749.18 3.36 0.053
ED xS 22 4907.47 223.07
INT x SU 2 514.00 257.00 0.93 0411
INTXxSUXS 22 6108.05 277.64
INT x ED 4 918.16 229.54 1.60 0.191
INTxED x S 44 6308.90 143.38
SU x ED 2 745.86 372.93 1.66 0.213
SUXED XS 22 4937.02 22441
INT x SU x ED 4 694.55 173.64 1.02 0.408
INTXxSUXEDXS 44 7492.56 170.29
Totd 204 43916.6 3717.07
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Table 59. ANOVA summary table for the Search task in Experiment 3.

Source df SS MS F p
Between-Subjects
Subjects (S) 11 412.22 37.47
Within-Subject
Interactions (INT) 2 15.94 7.97 0.72 0.500
INT xS 22 244.95 11.13
Second User (SU) 1 1.42 1.42 0.11 0.752
SUxS 11 148.98 13.54
Environmental Detail (ED) 2 25.39 12.70 117 0.329
EDxS 22 238.80 10.85
INT x SU 2 26.94 13.47 0.98 0.391
INTXxSUXS 22 302.49 13.75
INT x ED 4 21.93 5.48 0.66 0.626
INTXED xS 44 367.60 8.35
SU x ED 2 45.31 22.65 1.77 0.194
SUXED XS 22 281.59 12.80
INT x SU x ED 4 76.32 19.08 1.09 0.371
INTXxSUXEDXS 44 766.93 17.43
Totd 204 2564.59 170.62
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Table 60. ANOVA summary table for the Choice task in Experiment 3.

Source df SS MS F p
Between-Subjects
Subjects (S) 11 6.35 0.58
Within-Subject
Interactions (INT) 2 0.12 0.06 0.48 0.626
INT xS 22 2.73 0.12
Second User (SU) 1 0.04 0.04 0.57 0.467
SUxS 11 0.68 0.06
Environmental Detail (ED) 2 0.29 0.14 1.16 0.333
ED xS 22 2.72 0.12
INT x SU 2 0.03 0.02 0.08 0.924
INTXxSUXS 22 4.24 0.19
INT x ED 4 0.64 0.16 1.13 0.355
INTXED XS 44 6.25 0.14
SU x ED 2 0.10 0.05 0.39 0.683
SUXED XS 22 291 0.13
INT x SU x ED 4 0.32 0.08 0.55 0.699
INTXxSUXEDXS 44 6.45 0.15
Totd 204 27.52 1.46
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Table 61. ANOVA summary table for presence in Experiment 3.

Source df SS MS F p
Between-Subjects
Subjects (S) 11 52.86 4.81
Within-Subject
Interactions (INT) 2 69.32 34.66 1.77 0.193
INT xS 22 430.13 19.55
Second User (SU) 1 88.88 88.88 951 0.010
SUxS 11 102.77 9.34
Environmental Detail (ED) 2 97.83 48.92 2.74 0.087
ED xS 22 393.37 17.88
INT x SU 2 32.56 16.28 244 0.110
INTXxSUXS 22 146.87 6.68
INT x ED 4 162.39 40.60 3.05 0.026
INTXED XS 44 585.40 13.30
SU x ED 2 4.10 2.05 0.13 0.882
SUXED XS 22 356.03 16.18
INT x SU x ED 4 88.81 22.20 1.63 0.183
INTxSUXED XS 44 598.48 13.60
Totd 204 3156.94 350.12
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