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ABSTRACT

The purpose behind this thesis was to examine the
effect of wvibro-tactile feedback on a user's degree of
immersion in a synthetic environment. Sub-woofers usually

provide the vibro-tactile feedback in surround sound

systems. The alternate method explored in this thesis
utilized a "seat shaker" to generate the appropriate
tactile feedback in the environment. The solution

theoretically enables the user to receive a compelling,
multi-modal presentation of the environment with deployable
(small footprint), unobtrusive equipment. Physiological
responses (electrodermal activity, heart rate, and
temperature) were measured in an attempt to determine if
there was a statistically significant difference between a
user's degree of immersion and emotional response in a 5.2
surround sound environment versus one with stereo

headphones and a seat shaker.

A computer based first-person shooter game (America's
Army: Army Operations SM) was utilized as the synthetic
environment. The independent variable was vibration
delivery method (headphone with no vibration, 5.2 surround
sound, headphones with seat shaker). The dependent

variables were physiological response.

Results indicated that vibro-tactile feedback did
enhance emotional response and therefore immersion. A
surround sound system might be effectively replaced by
headphones and a seat shaker to achieve the same emotional

reaction.
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I. INTRODUCTION

In 1960 - 1962, Morton Heilig created a multi-sensory
simulator called the “Sensorama”. This simulator featured
a prerecorded film in color and stereophonically reproduced
audio. The device was augmented by binaural sound, scent,
wind, and vibration experiences. This forty-year-old
invention 1is generally regarded as the first attempt to

create a virtual reality system.

Despite an early understanding of the need for
interaction with a Virtual Reality (VR) system, effective
immersive vibration devices have yet to be gracefully
integrated into every day VR systems. The focus on the
sense of feeling has occurred in the research and
implementation of haptic 1interface devices, but the
vibration sensations associated with these devices have not
been fully addressed. While haptics are often eliminated
in a wvirtual system due to <cost and complexity, the
vibratory aspect of haptics is both simple and inexpensive.
However, vibration 1s only provided by a sub-woofer at
best. Usually no vibro-tactile stimulator is provided. 1In
many cases, this solution is not sufficient; a separate,
dedicated, vibro-tactile device 1s desirable. There 1is
very little hardware technology to be developed; the device
behind vibration exists currently in the simple design and
cheap manufacture of everyday pagers. This thesis explores
the use of wvibro-tactile technology as an alternative to
the audio solution when ©providing immersive vibration

feedback in virtual environments.



A. VIRTUAL ENVIRONMENT APPLICATIONS IN THE MILITARY

The military, both in the United States and abroad,
has been utilizing virtual environments for decades. The
defense industry has most likely been the prime motivator
for much of the technological advancement in virtual
reality systems to date. Virtual reality systems are
suited for military training; they replace or supplement
real training that is overly dangerous Oor resource
intensive. Much of the military’s daily mission is both
expensive and dangerous. As defense budgets are reduced or
get reallocated, the mission requirements of today’s U.S.
military has expanded. The increased demands on the
individual service member have caused the military to seek
ways to increase the quality of training while reducing the

cost.

The training technology sought by the military is
often in the form of virtual realty systems. While not
suited for many applications such as marksmanship and
reconnaissance, many applications are suitable. One of
these applications is evolution rehearsal; an operator or
group of operators can practice an evolution prior to its
execution in order to examine details, plan contingencies,
discover potential difficulties, and Dbuild confidence.
Most military simulators are housed in large complexes on
continental bases. Examples of these complexes are Marine
Safety International’s (MSI) Ship Handling Simulators in

the U. S. Navy’s fleet concentration areas and the U. S.

Army’s Close Combat Tactical Trainers (CCTT). While these
complexes provide excellent skills training, their
suitability for mission rehearsal 1is limited. MSI

schedules training periods quarterly and costs over $950
2



per hour per crew. These conditions prevent these

complexes from suitably accommodating mission rehearsals.

To allow mission rehearsal, a training system should
be collocated with the users. This often means the system
needs to be embarked on a ship or submarine, or housed in a
truck or tent. The allure of collocation is the ability to
conduct rehearsals immediately before an evolution to allow
the prevailing circumstances and intelligence to Dbe
included in the practice scenario. A number of these
systems are currently being researched, acquisitioned, and
implemented. An example 1s the Conning Officer Virtual
Environment (COVE) system developed by BBN technologies.
The system requires only a laptop and Head Mounted Display
(HMD) to operate. A user can input environment conditions
such as wind and visibility as well as the specific
parameters of the evolution to practice it while at sea.
The merit of this functionality 1s invaluable from an

operator’s perspective.

There are many challenges in deploying a virtual
environment system. The hardware needs to be small,
durable, and maintenance free. The software needs to be
user-friendly to eliminate the need for an administrator.
The most important aspects of these systems are the cost
and 1immersive qualities. Because simulator complexes are
centralized, they can afford the technology to provide
immersive displays. Deployable training tools are to be
dispersed to combat wunits, which have made sufficient
immersive technologies difficult to incorporate. This
thesis seeks to meet this challenge in the form of a

deployable immersive training tool prototype.



B. PRESENCE AND IMMERSION IN VIRTUAL ENVIRONMENTS

In order to explore the need for vibro-tactile devices
in a virtual environment, one must show its contribution to
the user's sense of presence. The importance of a user’s
sense of presence is application dependent, but typically a

greater sense of presence is desirable for any application.

= B

NN
—/

PARTICIPANT  /

SHSHE ==

SYNTHETIC ENVIRONMENT
IMMERSION
EMOTIONAL STATE
PRESENCE

—

o e
— 1 A

PHYSIOLOGICAL RESPONSE
IMPROVED TRAINING TOOL

Figure 1.1. The Relationship of Presence and Immersion in
a Synthetic Environment Training Tool.

In a military training environment 1t 1is imperative
that the situation presented will cause the user to act and
react like they would in reality. As the adage states and
athletic coaches advertise, “You play as well as vyou
practice”; if the environment is not immersive, one could
claim human performance development will degrade. If a
trainee 1is not at least partially convinced their actions
in the environment contain the same consequences and
repercussions as reality, they may not act as they would in
reality. Similarly, if the environment does not provide
the appropriate recognizable cues or stimulus to the user,

the user cannot act as they would in reality.



This dichotomy is the challenge of any virtual
environment design; 1t must provide appropriate feedback
and that feedback must seem realistic to the user. The
evolution of technology will naturally improve the
resolution of traditional immersive displays and
interfaces. It 1is the responsibility of the system’s
architect to artfully synthesize that technology to achieve

a sense of presence in the user.

A recognized methodology to enhance immersion 1is to
provide multi-modal displays; displays that stimulate
multiple senses 1in the recipient. When individual events
in the environment provide cues to multiple senses, the
user can correlate the cues and becomes more easily
convinced of 1ts existence. The following diagram

illustrates this process:

Virtual World
Real World

Augmented Reality

Visual Visual
5 Rendering —— Display
% | Aural Aural Aural
E — Rendering — Display
@ Vibro- Vibro-Tactile Vibro-Tactile
E Tactile ——— Rendering —— Display
Other Other Other
— Rendering —— Display
’ > !
[}
o c
c ©
= <
8 o
(= 2
G — «— @
2 5
2 %)
Figure 1.2. Immersing a User in a Virtual Environment

(From: [SHER 03]).
5



Part of the motivation behind this study is to examine
the emergence of vibration as a key contributor to

immersion in multi-modal display systems.

C. RESEARCH OBJECTIVES

This research Dbuilds wupon the work of an earlier
thesis in this laboratory (Sanders/Scorgie) . The
researchers conducted an experiment to determine 1if the
method of sound delivery affected a wuser’s sense of
presence. Their study linked the role of sensory display
medium to an emotional response. The analysis of this
emotional response partially distinguished the effect of a
surround sound system as opposed to stereophonic
headphones. They found that while surround sound was
“better” in terms of inducing a sense of presence, it was
not so when the headphones were supplemented by a sub-
woofer. The addition of the sub-woofer ensured the same
vibro-tactile cues were provided to both emergent
conditions. The statistical significance may have
indicated 1less about sound delivery and more about vibro-

tactile synthesis into an aural display.

The primary objective of this research is to determine
if there 1is a statistically significant difference between
a user’s sense of immersion in a synthetic environment when
presented with vibro-tactile information through
headphones, headphones and a seat shaker, and 5.2 surround
sound. This 1is the primary objective as it will provide
the most wuseful and tangible insight to the field.
However, in order to lay the foundation for this objective

other questions must first be answered.



The first supporting question is to discover whether
vibro-tactile feedback independently increases a user’s
level of arousal. This 1s necessary to ensure the
comparison of the primary objective is not fundamentally
flawed by an incorrect assumption; the assumption that
vibro-tactile feedback adds vice distracts from a user’s
level of arousal. By showing the wvibro-tactile feedback
changes a subject’s level of arousal, additional evidence
that arousal indicates ©presence can be contributed.
Although it may seem elementary that an additional form of
feedback will increase arousal, scientific proof of this
assumption is not readily available. This question is thus
answered through this study as a secondary research

objective.

The second supporting question is to determine whether
one can accurately correlate events in a virtual
environment to physiological response. This response can
be linked to emotional arousal; arousal linked to mental
immersion. When attempting to elicit quantitative data
from a subject, one must be able to compartmentalize
physiological response into levels of arousal for accurate
data farming. In addition, it 1s wuseful to be able to
classify event types to determine 1if physiological trends

emerge and can be characterized as specific emotions.

The third research question 1is to determine if a
deployable, immersive synthetic environment prototype can
be constructed. This could be characterized as a side
project compared to the other three research objectives but
the significance exists. The attempt to wvalidate vibro-

tactile feedback as a suitable alternative to traditional



surround sound stems from the need to find cost effective
solutions for the military that provide the requisite
immersion. The prototype needs to demonstrate an immersive
synthetic environment can be delivered to a user through an

inexpensive, low-impact system.

D. THESIS ORGANIZATION

This thesis is organized into the following chapters:

e Chapter I: Introduction. This chapter provides
the introductory material necessary to
demonstrate the motivation behind conducting this
research. It discusses the role of sensory
interfaces 1in military synthetic environments,
the role of immersion, and the research

objectives that evolved from these roles.

e Chapter II: Background. This chapter provides a
summary of the information reviewed to enlighten
the research and ensure 1its relevance. It
reviews the five senses and their roles as
modalities; it defines and analyzes applicable,
field-specific terms, it reviews past and current
research 1in the vibro-tactile field, and it
describes applicable technology available for use
in the field.

e Chapter III: Method. This chapter describes the
design, procedures, and conduct of the experiment
portion of the research.

e Chapter IV: Analysis. This chapter presents the
results of the experiments with regard to the
experimental research questions.

e Chapter V: Discussion. This chapter broadens the
analysis to include all of the research qgquestions
and provides the researcher’s interpretation of
the analysis.

e Chapter VI: Conclusions and Recommendations.
This chapter summarizes the research, makes
recommendations, describes some of the lessons
learned during the experiment, and proposes



future research directions to emanate from this
study.

List of References: This is the 1list of sources
directly referenced in the thesis.

Appendices:
A. Raw Data

B. Experiment Protocol

C. Mission Briefing

D. IRB Documents

E. Questionnaires

F. Electronic Equipment Specifications

G. Prototype Construction Documents

E. Program Code
Bibliography: This is a 1list of —resources
reviewed by the researcher to expand the level of
knowledge this study represents. The sources are

chronicled to provide a user a shopping list of
applicable resources for future work.
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II. BACKGROUND

A. SYNTHETIC ENVIRONMENTS

The basic difference between a synthetic environment
and a virtual environment is the application; the
environment 1is synthetic 1if it 1s associated with the
military. Some authorities in the field would append the
characteristic of Dbeing distributed 1in order to fully
describe a synthetic environment. Being “distributed”
insinuates the environment is shared by multiple users at
different physical locations. The Human Interface
Technology Laboratory at the University of Washington
advertises, “There are a number of government and academic
research projects around the world which are working
specifically on distributed virtual (also called synthetic)
environments [HITL 03].” The feature of being distributed
is inherent in nearly all modern military virtual
environments due to the current transformation towards

Network Centricity.

Network Centric Warfare is a concept that entails the
full integration of all military entities into a
computerized hierarchical structure of real-time
connectivity. While this thesis explores concepts that
will benefit the wvirtual reality research field at large,
the research objective of developing a deployable prototype
warrants the specification that its use is tailored towards
synthetic environments. The contribution of this study to
the transformation concept is this deployability. Enabling
the training system to service military users while

deployed provides countless benefits; one of which is the
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ability to participate in multi-entity training exercises
while otherwise employed. To clarify the language of this
thesis, the term “wirtual environment” is wused 1in the
context of a general application while “synthetic
environment” is used to specify an application specific to

the military.

B. PRESENCE AND IMMERSION

1. Definitions

Much debate has occurred over the precise definitions
of “presence” and “immersion” in virtual environments. In
acquiescence with the complexity of these terms 1in this
domain, a purposefully general definition 1is provided to
build wupon. "Presence" 1s the wuser’s sense of being

located in a wvirtual environment and the sense o0of being

able to witness or influence this environment. "Immersion"
is the system of mechanism(s) enabling this sense of
presence. For example, the musical score of a movie

increases the viewers’ emotional involvement i1n a cinematic

feature. The character of the music increases the sense of
presence; the surround sound Sspeaker system is the
immersive device through which this occurs. Important to

note 1s the fact that the musical score 1is itself
artificial; the world represented probably does not contain
orchestral accompaniment, 1t 1is a device to imbed the

viewer into the world.

The goal of a wvirtual environment designer 1is to
achieve immersion. Immersion will be generally constant
between all users of a Virtual Reality system; it is the
multi-modal display presented to the user. The degree of

immersion, or the level of the user’s sense of presence, 1is
12



dependent on that wuser’s proclivity to accept the display

as real.

Immersion can be separated into two components, mental
and physical immersion. Similarly, presence is often used
to describe two entirely different concepts. Sherman and
Craig in their comprehensive wvirtual reality text provide
the following definitions that may serve to clarify these
concepts [SHER 03]:

mental immersion state of being deeply engaged;
suspension of disbelief; involvement.

physical immersion bodily entering into a medium;
synthetic stimulus of the body’s senses via the
use of technology

presence short for sense of ©presence; being
mentally immersed.

telepresence the ability to directly interact
(often via computer mediation) with a physically
real, remote environment from the first-person
point of view

It is evident from these definitions that telepresence is
the state of being physically immersed while presence is
the state of being mentally immersed. Both mental and
physical immersion 1s required 1in order to present a
successful virtual environment experience. This study
examines both aspects to provide insight towards answering
the research questions.

2. Measuring Presence

The measure of presence can be separated into three
categories: subjective, behavioral and physiological [MEEH
007]. Subjective presence 1is the participant’s idea of
“being immersed” and is typically measured using presence

questionnaires. Behavioral presence 1is when the subject’s
13



physical reflexes act in response to virtual stimulus. An
example would be ducking when a virtual object rapidly
approaches the one’s head or looking both ways before
crossing a virtual street. While guestionnaires can be
used, video recording and other manual observation is the
primary method of recording data. Physiological presence
is the body’s response to virtual stimulus that stems from
emotive virtual events. An example of physiological
response 1s the increase of a subject’s heart rate when
approaching a wvirtual cliff. These responses are measured
by attaching electro-mechanical sensors to the subject.
Historically, two of these presence measures have been
employed; subjective and behavioral [SLAT 095]. Because

these measures are qualitative, reliability can only Dbe

established through zreuse [MEEH 00]. Questionnaire data
has actually been shown to contradict behavioral
observations [SHER 03]. To overcome the unreliability of

these measures efforts to develop standard quantitative
means via physiological response has immerged in recent

years.

Once measures have Dbeen recorded and analyzed it is
important to be able to classify a subject’s 1level of
presence 1into an understandable scale. While a standard
scale has not been agreed upon, Sherman and Craig propose
some broad categories of classification [SHER 03]:

1. None whatsoever: The user feels only that
they are connected to a computer.

2. Minor acceptance: The user Dbelieves in
certain aspects of the environment. Perhaps they
feel as though objects from the virtual world are
floating in the wuser’s space, but they do not
feel part of the world.

14



3. Engaged: The user doesn’t think about the
real world. They are concentrating on their
interactions with the wvirtual world. If asked,
they would be able to distinguish between the
real and virtual worlds and would indicate that
they are in the real world.

4. Full mental immersion: The user feels
completely a part of the environment presented
via the VR system, perhaps to the point of
forgetting they are tethered to a computer and
becoming startled when they suddenly encounter
the “end of the tether.”

These classifications can be mapped to wvarying levels of
recordable response. A VR designer can use one of these
classifications to describe the level of ©presence an
application under development requires.

3. Linking Emotion to Presence

In order to illustrate the importance of measuring
presence, one must first understand the relationship
between human emotion and the sense of presence. The
particular emotion synthetic environment designers seek to
imbue is strain. Strain is sometimes referred to as stress
when a negative connotation is implied; eustress is when a
positive emotional context is desired [BOUC 92]. As most
military training environments focus on difficult task
performance on some level, it is natural that stress and

strain are involved.

Strain can be divided into three types: emotional,
mental, and physical. Emotional strain is mental anxiety
concerning a task or expected event. Mental strain 1is
mental effort expended in accomplishing a cognitive task or
in processing an event. Physical strain is the muscular or
other non-mental efforts expended in accomplishing a task

[SAND O01]. To use academic testing as a metaphor,
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emotional strain would occur prior to the commencement of
the test, mental strain would occur while using cognition
during the test and physical strain would occur while
recording the answers. These types can occur separately or
in tandem to produce physiological response; the nature of

that response varies depending on the type of strain.

The differing relationships Dbetween physiological
response and types of strain can be illustrated by an
experiment that recorded the heart rates of “two-seater”
aircraft pilots. Because both pilots are at risk during
take-offs and landings, both show a corresponding heart
rate response due to stress from anxiety. The pilot
responsible for executing the take-off or landing would
demonstrate higher magnitude responses Dbecause of the
additional stress of mental focus [WILS 02]. This finding
is critical to understanding physiological response as it
shows the stimulus is the event, the catalyst between the
event and the response is emotion. This discrimination is

crucial in analyzing recorded physiological data.

Stress 1n a synthetic environment can occur in two
forms. Desirable stress is experienced by the user through
mental strain while accomplishing the wvirtual task or
through emotional strain over repercussions of sub-standard
performance of that wvirtual task. Undesirable stress 1is
any user frustration that results from dealing with the
synthetic environment interface. This side effect could be
from the user’s acclimation to the environment controls,
which could be a legitimate task in itself [SHER 03]. It
also could result from anxiety over external influences

such as appearances to onlookers or physical discomfort.
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While desirable stress may enhance the sense of presence,
undesirable stress most 1likely detracts from it. The
difficulty 1lies in the inability to distinguish their
physiological effects. The emotion drives the response not
the source of the emotion. The physiological response can
only be used to identify the emotion; one can only surmise
the nature of source. The only way to 1limit the
interference of undesirable emotional response is to tailor
the environment to control these effects.

4. Linking Physiological Response to Emotion

Physiological response can Dbe used to identify an
emotion. Wilson states, “By monitoring their physiology we
are able to infer the cognitive and emotional demands that
the job places on the person [WILS 02].” Several recent
studies have explored the characterization of physiological
presence through the measurement of physiological response
to emotive environments. Generally, three response
components are used. Meehan writes:

To measure presence, we monitor heart rate,

electrodermal activity, and skin temperature
(these measures have been seen to vary due to

fear; heart rate increases, finger skin
temperature drops, and skin conductivity
increases [Weiderhold, 1998]) [MEEH 00].

These three indicators: heart rate (HR) , electrodermal

activity (EDA), and skin temperature are the most common in

physiological ©presence research. Sanders and Scorgie
monitored electrocardiogram (EKG) and Dblood volume 1in
addition to the three mentioned above. Although recorded,

the corresponding results were not incorporated in the
analysis. Sufficient evidence of the relevance of these

responses to physiological presence could not be
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established through literature review. Future studies
could reveal the significance of blood volume, EKG, and
other mechanisms to the sense of presence and enable these

dormant data sets to be utilized.

The particular emotion Meehan examined was fear. Fear
is a form of emotional stress and is therefore the most
desirable emotion to harness in synthetic environments.

There are other emotional factors that can be identified

using physiological response measures. An IBM study
identified four physiological measures that could
accurately distinguish the six basic emotions. Heart rate,

skin temperature, somatic movement, and galvanic skin
response were successfully monitored to distinguish anger,
fear, sadness, disgust, happiness, and surprise [ARK 99].
The relationship between physiological response and
specific emotions are outlined further in the discussion of

individual measures below.

To illustrate the relationships between immersion,
physiological response, emotion and presence, Figure 1 from

Chapter I can be modified as follows:
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Figure 2.1. Presence and Emotion Relationships in VR’s.

This diagram shows the generic flow of logic that is to
occur during a synthetic environment experience. This
diagram is further amplified in Chapter III to illustrate

how the design of the experiment implements this logic.

C. PHYSTIOLOGICAL MEASURES

1. General

Physiological measures provide relative data as
opposed to absolute data. Individuals exhibit differences
in response to different measures and respond in different
magnitudes to the same measure. To overcome this
variability, physiological studies typically utilize
repeated-measure experimental designs. This uses each
participant as their own control by comparing their change

in response from resting baseline [WILS 02]. The following
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table outlines some physiological measures and the
component of the nervous system they interface with:
Table 2.1. Some Physiological Measures.
Nervous
Abbrev Name Function
System
Amplitude of the dilation and contraction of the
BV Blood Volume PNS
heart.
DBP Diastolic Blood Pressure Rhythmic dilation of the heart. PNS
EDA Electrodermal Activity Changes in skin conductance. SNS
EEG Electroencephalograph Electrical signal that monitors brain activity. CNS
ECG Electrocardiogram Electrical signal that controls heart activity (EKG). PNS
EMG Electromyogram Electrical signal that controls muscular movement. SPNS
ERP Event Related Potentials Brain activity from processing discrete stimuli. CNS
EOG Electrooculography Electrical signal that controls eye movement. SPNS
Functional Magnetic Change in blood flow to the local vasculature that
fMRI CNS
Resonance Imaging accompanies neural activity in the brain.
Gauss-time record of the magnetic field of the
MEG Magneto encephalogram . CNS
brain.
Positron Emission
PET Monitors metabolic changes in the body. CNS
Tomography
SBP Systolic Blood Pressure Rhythmic contraction of the heart PNS
2. Psychophysiology
Psychophysiology is the merging of psychology and
physiology. Psychophysiology examines how human behavior
affects bodily processes and vice versa [WILS 02]. While
physiological —response 1is to be recorded during this
study’s experiment, psychophysiology will be the field
employed to analyze the results. This section discusses

the physiological measures and their links to emotion and

behavior.

The

relationship between

human behavior

and Dbodily

processes occurs through the physical 1link of the nervous
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system. Human behavior 1is associated with the Central

Nervous System (CNS) while bodily processes are linked by

the Peripheral Nervous System (PNS). The PNS can be
further divided into the somatic (SPNS) and autonomic
systems (ANS) [WILS 027. The somatic system controls the

muscular system while the autonomic system controls most
everything else. The autonomic system can be further

broken into the sympathetic and parasympathetic nervous

systems (SNS, PNS). These systems work in tandem to
control most visceral structures. When conscious activity
is required, the SNS becomes the dominant system. When a
structure 1is dormant, the PNS dominates. The following

diagram illustrates the categorical structure of the

nervous system:

NERVOUS
SYSTEM
CENTRAL PERIPHERAL
preeeannnnnnneees NERVOUS NERVOUS
; SYSTEM SYSTEM
| SPINAL BRAIN SOMATIC AUTONOMIC
5 CORD
P . § P T [ sYMPATHETIC PARA-
; ' ' ' ' SYMPATHETIC
E ERP EEG EMG EOG
PET fMRI MEG EDA BP BP HR BV
Figure 2.2. Some Physiological Measures and Their

Relationship to the Human Nervous System.
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Psychophysiological measures are considered one of
three main methods to monitor operator states in human
factors research [WILS 02]. An operator 1is simply the
individual conducting a task and can be compared to a
participant in synthetic environment research. The other
two methods are performance measures and the monitoring of
cognitive states. The advantage of psychophysiological
measures over the other two is the ability to continuously
monitor a subject 1n a non-obtrusive manner. Micro
technology has enabled the manufacture of sensors that can
be attached to an operator simply by weaving them into
clothing or attaching them to bodily areas that will not
interfere with the execution of the task. Wilson claims
the operator will quickly adapt to the sensors with the
same ease of adapting to jewelry or a wristwatch [WILS 02].
This ability to quickly adapt ensures the performance of a
VR task in not marred Dby the subject’s subconscious
awareness of the sensors.

3. Heart Related Measures

Important to note 1is the relationship between the
musculature control of the heart and the nervous system.
While simply a muscle that is connected and controlled
through the PNS, the heart is also directly controlled by
the brain via the pneumogastric or vagus nerves. These are
among the few necessary cranial nerves required to survive,
which 1is evident by the ability of a spinal paralysis
victim to 1live [BART 00]. This direct 1link between the
body’s two critical organs creates the essence of emotion.
The brain receives stimulus as an 1input, processes the
stimulus, and exports a response in the form of directions

to the body. Often, the emotional response to a stimulus
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is physically reflected by a physical response 1in the
heart. The PNS detects this response and signals the brain
to create a circular continuum. This gives an emotional
response, like pain, persistence for a finite amount time;
the degree of which depends upon the magnitude and type of
stimulus. This persistence enables heart related response
to be recorded and emerging trends detected. These trends
can be translated into emotions without the benefit of the
direct monitoring of the brain. For this reason, heart
related measures are the most common and reliable measures
of physiological presence.
a. Heart Rate
Heart Rate (HR), or cardiac activity, is the most

commonly employed physiological measure. It was employed
as early as 1917 to monitor Italian pilots and the U.S. Air
Force 1is still wutilizing it today as an indication of
stress and mental workload. Wilson claims,

Heart Rate provides continuous information about

how a person is coping with a task. This can be

accomplished in situation where it is not

possible or feasible to acquire performance data
[WILS 02].

Theoretically, heart rate 1s constant under

normal conditions and becomes erratic under conditions of

high mental workload or cognitive activity. The
variability of heart rate (HRV) under different
circumstances can be equated to different emotions. HRV

consisting of increased heart rate yet continued regularity

indicates fear.

Heart Rate is derived from the BVP channel of the

ProComp+ system. It 1s detected using a concept called
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photoplethysmography, which detects the density of
reflected red 1light from an infra-red 1light aimed at
capillaries under the surface of the skin. HR and BVP are
measures of sympathetic arousal [TTL 01].
b. Blood Pressure
Blood pressure 1is typically separated into two

components, systolic and diastolic blood pressure.
Systolic blood pressure (SBP) is associated with the
rhythmic contraction of the heart’s cavities and diastolic
blood pressure (DBP) 1is associated with the dilation or
expansion of those same cavities. Blood pressure 1is
generally associated with the detection of health related
conditions. Attempts to determine if blood pressure can be
used to indicate emotional response have typically failed
to show statistical significance. One attempt used musical
scores to induce emotional response,

The sad excerpts produced the largest changes in

heart rate, blood pressure, skin conductance and

temperature. The fear excerpts produced the

largest changes in Dblood transit time and

amplitude. The happy excerpts produced the

largest changes 1in the measures of respiration
[KRUM 007 .

Despite this finding, evidence of blood pressure
significance has not Dbeen found in wvirtual environment
related research; as such, it 1s currently an unreliable

source of data to determince physiological presence.

The amplitude of heart rate in the exerpt above
can be equated to blood volume (BV, BVP). Blood volume and
blood pressure are often taken together as one measure and
are also indications of sympathetic arousal. Blood

Pressure as a measure is directly related to HR as it is
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also derived from the BVP sensor of the ProComp+ system

[TTL 01].

c. Electrocardiogram

Electrocardiogram (ECG or EKG) measures the
electrical ectivity of the heart. In most cases it
reflects the same patterns as heart rate. When recorded in

addition to standard heart rate, it can be used as
discriminator during unexplained phenomena in the
recording. Because EKG 1is sampled with electrodes, it can
sample at a faster rate than tradition heart rate sensors.
This additional information often provides desirable
resolution when analyzing physiological data.

4. Skin Temperature

Skin temperature is useful to distinguish anger and
fear. These two emotions coupled together are
characterized by the phrase “fight or flight”. Fight or
flight is an emotional response that will reflexively cause
an individual to confront or flee from a stimulus. Thought
Technology LTD in their technical notes state, “As a person
gets stressed, their fingers tend to get colder” [TTL 01].
The characteristic of skin temperature that is unique 1is
the tendency to decrease when presented with fear or anger;

most other physiological measures display a corresponding

increase.
5. Electrodermal Activity
Electrodermal Activity (EDA) , or galvanic skin

response (GSR), can be an indicator of general arousal.
Arousal here is defined as negative stress associated with
unspecific emotion [BOUC 92]. This measure uses electrodes
to monitor changes in the eccrine sweat glands on the

surface of the skin. The most familiar employment of EDA
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has been in lie detector tests [WILS 02]. While attempts
to corroborate general classes of emotions using EDA have
been made, no definite progress has followed. Difficulties
lie in the individual differences participants’ exhibit in
response to emotional media. This difference 1is largely
demographic, particularly gender, age, and to a lesser
extent ethnicity. In addition, it has been shown that EDA
is closely related to personality [BOUC 92]. While
specific emotional <classification is not possible, the
ability to show arousal is vwvery useful in synthetic

environment applications seeking to affirm immersion.

D. MODALITIES

1. General

Modalities in terms of the wvirtual reality field are
the modus operandi of delivering the virtual environment’s
stimulus to the recipient’s via a particular sense. While
the vibro-tactile sense is the focus of this thesis and the
haptic and aural modalities both influence this sense,
other modalities are discussed as immersion 1s Dbest
achieved by the collaboration and integration of multiple
modalities. The following sections briefly outline the
virtual environment displays associated with each modality,
their contribution to mental immersion, and then concepts
pertinent to the research questions.

2. Visual Modality

Of the five senses, the visual and aural modalities
monopolize development efforts in synthetic environments.
For perception in the real world, the sense of wvision is
relied upon 70% of the time, aural 20%, and the remaining

10% is distributed among the remaining senses [SAND 02].
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Despite this dominance in the real world, the visual aspect
is less relied upon than the other senses when inducing
immersion. This may be Dbecause of field of view
limitations or the fact that the sense can be effectively
“turned off” by the wuser through closing one’s eyelids

while the other senses cannot.

To increase the immersive qualities of the visual
display, one must maximize the percentage of the user’s
vision devoted to the wvirtual world. When wusing a
stationary display, a designer can use a projection system
such as a CAVE instead of a “fish tank” system such as a
standard monitor. When wusing a head-based system, an
occlusive display provides greater immersion than a non-
occlusive. While not necessary to block the real world
from the user’s field of wview, it is important to note that
humans can detect motion on the periphery far better than
in the forward areas. Concurrent activity 1in the real
world can be easily detected by the user while presented
with the wvirtual world. Conversely, when one uses the
visual display to simulate vibro-tactile stimulus, the
occlusion of the real world 1is crucial to prevent the
subject from having a stable frame of reference. A
display 1s not a compelling stimulus for motion if one’s
periphery 1is static, the screen will appear to be moving,

not the subject’s representation in the virtual world.

Visual display technology has predominantly focused on
providing the computational capability to achieve realistic
graphics. While a worthwhile pursuit, this goal may be
counterproductive to achieving immersion. Sherman and

Craig support this idea; they state, “attempting to render
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a world in a photo-realistic way can make mental immersion
difficult, because any flaw in the realism will spoil the
effect [SHER 03].” One way to overcome spoiling the visual
realism is to reinforce visual clues with those from other
modalities.
3. Aural Modality

a. General

Aural displays can be categorized much in the
same way as visual displays. Stationary displays would
equate to a speaker system while a head mounted display
would equate to headphones. The value of choosing either
mechanism depends on the application; the immersive
contribution of one over the other is not absolute. The
importance of either aural display device is its
relationship to the wvisual. Providing realistic audio is
much less technologically challenging than providing
realistic wvideo. This feature enables audio to Dbe
extensively wused in VR’s to complement visual stimuli.
This correlation Dbetween sight and sound 1s usually
sufficient to provide the user a compelling display and
enable one to overlook minor flaws in visual realism.

b. Transference of Object Permanence

Sound can extend visual displays beyond current
technological capability. Transference of object
permanence 1is the user’s belief that an object exists in
the wvirtual world [SHER 03]. While realism abets this
concept, 1t <can also hinder it. The more accurately
portrayed an object appears, the more the user expects it
to behave as it would in the real world. A method to
enhance object permanence without having to exhaustively

model it is to use sensory carryover. Sensory carryover
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uses other senses to provide information about an object
that the wvisual display may not effectively handle.
Sherman and Craig provide an example of this concept. “One
way to enhance realism is to make the sonic aspect of an
object follow that object through the virtual space—even

when it is no longer in view of the participant [SHER 03].”

A simple application where vibro-tactile feedback
could contribute to object permanence would be to slightly
rumble a zone around an “idling” wvehicle. The hum of the
engine and the vibration sensed by the user would provide
the requisite information to indicate the wvehicle 1is
running without having to articulate objects or having to
render interior car features that would indicate the same.

c. Five Avenues to Perceive Sound

One typically associates sound with the
perception our brain produces when auditory energy travels
through air and stimulates the ears. In fact, there are
five methods through which auditory energy can be perceived
as an auditory signal. The four subsidiary methods can be
classified as “tactile” sound as the median through which
the perception occurs is the body. This method should be
addressed in virtual environment displays as the body can
use tactile sound cues to better distinguish events in an
environment. Specifically, humans can gain a broad idea of
the distance to the emanation of a sound cue because the
sound 1is Y“felt” Dbefore it 1s heard; sound waves travel
faster through ground than through air. By controlling
minute time differences between the delivery of vibration
and corresponding audible cues to the user, one can subtly
insinuate spatial awareness much in the same way

stereophonic headphones achieve localization. The
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following diagram illustrates the difference between

tactile (B) and air transmitted (A) sound:

)

e

Figure 2.3. Two General Sound Transmission Paths [CLAR
037].

The first method of perceiving sound is through
air transmission. Acoustic energy pushes air molecules
that enter the ear and vibrate the eardrum. This
mechanical energy is transmitted to the cochlea through the
inner ear bones and translated into the perception of
sound. The translation occurs when small hairs called
cilia are excited by the energy transmitted by the bones
surrounding the fluid-filled cochlea. The ability to
detect certain audible frequency ranges depends on the
density of cilia, which die with age or damage and do not

always regenerate.

The second method of perceiving sound is through
bone conduction. This 1is the process of directly vibrating
the skull, specifically the bone mass around the cochlea,
to produce sound. This method bypasses the eardrum which
is more susceptible to deterioration than the rest of the

organ. This concept has Dbeen exploited by hearing aid
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manufacturers who attach or implant the device to the bone

around the ear.

The next path is through deep tissue movement.
Acoustic energy enters the body through whatever parts of
the body are adjacent to a surface solidly connected to the
sound. This aspect of tactile sound is kinesthetic, as it
is perceived by the nerve endings 1in muscle mass that
respond to motion. These nerves send a signal directly to

the brain, bypassing the aural organ entirely.

The last two paths are generally the same as deep
tissue movement. One 1is via nerve endings in the skeletal
structure and the other 1is via nerve endings below the
surface of the skin. While the mechanics behind these
nervous systems are similar, the body’s perception of the
sound 1is dependant on the path; the nerve endings respond
to different frequencies and therefore send unique stimulus
to the brain.

d. Aural Presentation Factors

The intent of this section is to describe aural
factors affecting the decision to employ stereophonic
headphones over speakers for use in a synthetic
environment. The decision factors reflect the research

goals of achieving greater immersion and deployability.

The primary factor to consider when choosing an
aural display 1is to examine its potential relationship to
the wvisual display. Headphones are head-referenced; they
will always be oriented to the center of the user’s field
of wview. Speakers are world-referenced; they will be
oriented to the real or wvirtual world, depending on the

application. The wvisual display method may incur
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additional considerations to produce realistic sound from
stereophonic headphones. The following diagram illustrates

this idea:

|
|
} Requires
Head | Head
Tracking for }
Audio B. Projection !
|
|

Screens

Tracking for C. Head
Audio & Mounted
Visual Display

A. Standard
Monitor

Figure 2.4. Stereophonic Headphones and Visual Display
Considerations.

The diagram illustrates that a head tracking
capability is necessary with  headphones if high-end
immersive displays are employed. A deployable solution
would require either options A or C to minimize the
footprint of the equipment. Option C would already have a
head tracker imbedded to for the visual display. These
characteristics demonstrate the suitability of headphones

for deployable applications.

A secondary decision factor is noise pollution.
Noise pollution occurs in two forms; the environment can
intrude wupon the surroundings and the surroundings can
intrude on the virtual environment [SHER 03]. While noise
pollution can exist 1in using open-field headphones, it 1is
effectively eliminated using closed-field headphones.
While many real world military applications require the use

of open-field headphones to maintain situational awareness,
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the effect can be replicated using multiple channels in a

closed field device.

Another decision factor 1s localization and
spatialization. Localization 1s the human process of
determining the relative source of a sensory stimulus.
Spatialization 1is the process of causing a stimulus to
appear to emanate from a virtual location. Localization
of sound 1is critical in VR’s Dbecause visual display
technology has not overcome the inability to fully cover
the entire human field of view. Sound effects tell our
eyes where to look; while human localization 1is poor, the
combination of wvisual and aural cues enables humans to
accurately localize objects [SHER 03]. Being able to
efficiently locate stimulus enhances presence. Speaker
systems are unsuited for localization because they have no
knowledge of the position and orientation of the wuser.
Stereophonic headphones can <create these cues fairly
accurately simply by exploiting the distance between the
user’s ears. By delivering aural cues with appropriate
time delays between ears, localization is achieved. In
addition to this factor, the speaker system is slaved to
the acoustic properties of the real world setting of the
virtual environment. Not only does the sound from the
speaker reach the user, the reflections and reverberations
off real world objects will as well. The combination of
these factors indicates the suitability of headphones over

speaker systems for use in synthetic environments.

The following bulletized 1list summarizes these
and other factors when choosing one aural display over

another [from: SHER 03]:
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Benefits of Stationary Displays (Speakers)
e Works well with stationary visual displays

e Does not requires sound processing to create
a world-referenced stage

e (Greater user mobility
e TLittle encumbrance

e Multi-user access means faster throughput

Benefits of Head-Based Displays (Headphones)
e Works well with head-coupled displays

e Fasier to implement spatialized 3D sound
fields

e Masks real-world noise
e Greater portability

e Private

The single advantage of speakers systems over
headphones that is applicable to this study is the ability
of speakers to create tactile sound. This ability is
outlined in the next section.

e. Vibration as an Aspect of the Aural Modality

Typically, vibration is gained through bass. One
VR designer simply states, "Sound and vibration are
provided by some large but ordinary speakers" [SEID 97].
This indicates the presumption that one’s experience 1is
heightened simply by increasing the volume of the stereo.

There are numerous drawbacks from relying on bass to

produce sensation. Extended exposure to high wvolume sound
can cause temporary and permanent hearing damage. High
volume sound also causes noise pollution. If a sound booth

is not used, the adjacent areas to the virtual environment
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space will certainly be affected and possibly disturbed.
In a military environment, a small footprint is nearly
always desired if the system is to be deployable on ships
or overseas posts. A surround sound system with sub-woofer
requires considerable space to wire, power, and arrange
correctly. If a team of participants is immersed the sound
of one’s device will interfere with nearby participants
because, although seated in proximity, they may not be co-

located in a similar configuration in the environment.

Speaker manufacturers handle tactile sound by
incorporating subwoofers. Subwoofers handle the low
frequency sounds, often called lIow frequency effects (LFE),
that are able to felt as well as heard. To maximize the
impact of these LFE’s subwoofers are typically placed on
the horizontal surface the wvirtual environment user 1is
operating on. Because low frequency sound is difficult for
humans to localize, the direction of the sound is
irrelevant. This causes most subwoofers to be placed on
the floor in an out-of-the-way location in the vicinity of
the 1immersive environment. While sufficient for air-
transmitted low frequency sounds, this practice is not an
elegant solution for tactile sound. VR designers are
realizing the necessity of placing the sub-woofer as close
to the user as possible to maximize the vibratory effects

of solid transmission.

Another practice to maximize the vibratory
effects of subwoofers 1is to inhibit all surround sound
channels save the LFE channel and funnel the environment’s
primary sound field through headphones. Sh