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Preface

I began this research as a repeat participant in the “barf chair” last fall be-
fore funds had been completely exhausted for data collection. It certainly wasn't
glamorous, but I had become immediately interested upon my entering AFIT in
the leading-edge research of the motion sickness research group. I was saddcnca by
Dr. Bill Chelen’s departure as a result of the budget reductions, but was glad to
have ' thesis topic in this fascinating area and the support of the grcup, who took

me onboard despite the throngs of other students at their office doors.

I recently read that one person can learn when left on his own. But that person
must be in the company of others in order to learn well. This statement summarizes
the thesis experience for me. I am glad this page provides a forum to thank those

who accompanied me.

My deepest thanks go to my wife, Kathy, and two children, Andrew and
Patrick. [ have appreciated their endless understanding and support, but especially
the way that their presence and love were frequent reminders of the immeasur-
able value of my family. Maj Steve Rogers, LtCol T.S. Kelso, and Dr. Matthew
K-' isky, my committee members, provided the right mixture of guidance and ex-
nectation. They were mentors, not taskmasters, for which I am most grateful. Their
enthusiasm was catching and sustaining. Capt Chuck Wright started me on the way
by graciously offering his program and expertise in answer to my initial question of
“How?" Capts Dave Swanson and Art Earl were dependable allies and continuous
sources of workarounds and shortcuts which kept bearable the tedium of program-
ming. Capt Ken Langford and Mr. Ron Milliron were my “friends in high places”

that kept the computer workstations willing to work with me.

I thoroughly enjoyed this epic journey into the world of motion sickness, EEGs,

.4 computer programming. Furthermore, I will never experience motion sickness

in the same way again.




I hope that in this search for pattern, Grey Walter would have seen the essence
of science. But moreover, I hope that in the pursuit of science, more people will

recognize the work of a loving and living God.

Dwight Andrew Roblyer
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AFIT/GSO/ENG/92D-03

Abstract

A toposcope was constructed as a new tool to study signal frequency and phase
relationships in electroencephalogram (EEG) records collected while subjects were
experiencing motion sickness. This new tool, named TOPOS, is a software-based,
multi-featured version of Grey Yalter and Harold Shipton's device which they first
produced in the late 1940s. The TOPOS graphical display permits the study of
instantaneous frequency relationships between the input channels and a reference
signal of fixed or varying frequency. TOPOS adds a correlation grid to aid observers
in detecting channel-to-reference correlation levels. Users can also vary several dis-
play parameters via menus to optimize the analysis environment. Sinusoidal test
inputs of known frequency produced recognizable and predictable paiterns on the
TOPOS display, depending on the existing channel-to-reference frequency relation-
ships. Motion-sickness-affected EEG was input to TOPOS in order to study the
correlation between the displays of each channel and four separate references: a 1.3-

Hz sinusoid, and three channels of the EEG itself. Rapidly varying correlations were

observed in each case.




A TOPOSCOPIC INVESTIGATION
OF BRAIN ELECTRICAL ACTIVITY
INDUCED BY MOTION SICKNESS

I. Introduction

1.1 Background: Motion Sickness on Earth and in Spece

Motion sickness is a coinmon companion of people traveling by land, sea, or
air (33:29-30). These sufferers find that the slowly rolling road, choppy seas, or air
turbulence can quickly bring on headaches, sweating, stomach discomfort, nausea,
and vomiting—ail symptoms of motion sickness (42:A1).} Victimns often either take
medication which makes them drowsy and the symptoms less pronounced, or stal-
wartly suffer until the motion stops. they adapt, or emesis brings some relief. No
cure exists, and the exact etiology (cause) of the symptoms is poorly understood
(28:218). While wretchedly uncomfortable and annoying. terrestrial motion sick-
ness is relatively harmless, causing delays in travel or task schedules but posing few

threats to human life (33:73).2

But what can be done when a person experiences motion sickness symptoms
in space, where task delays carry very expensive price tags and compromise of a
crewmemnber’s attentiveness and fitness could risk his health, or even his life? Even
after 30 years of research, this question remains without a wholly satisfactory an-

swer. Moreover, it is an important question, because upon entry into orbit the first

!'Motien sickness is really not a “sickieus” at all, but was so labeled because of the symptoms
it produces (33:28). Dhenin calls it a “normal response to an abnormal environment” (9:472).

2Qne significant exception is the case of military forces. Motion sickness is a significant problem
for soldiers being transported into battle, explaining why ' .c military has sponsuicd much of the
search for the causes and cures of motion sickness (42:41)(33:31- 33).




physiologic change experienced by up to 67 percent of US astronauts is space motion

sickness (SMS), also known as space adaptaticn syndrome (SAS) (15:1).

Space adaptation syndrome has been called by Vanderploeg, et al. the most
clinically significant medical phenomenon during the first several days of spaceflight
(8:1185). During that period, space travelers experience sonie sympioms common to
terrestrial motion sickness and some unique to SMS. An affected person may develop
a hypersensitivity to motion or experience illusions of being constantly upside down
or pitched forward (42:A2). The astronaut will almost always have no appetite and
may have jepeated episodes of brief, but violent, emesis (42:A2). Nearly one-third of
US astronauts Lave reported at least one episode of vomiting while in orbit (25:101)
While the sufferer rarely sweats or shows pallor, he will almost certainly experience
a headache, malaise, lack of initiative, and irritability (42:A3). These symptoms not
only vary between individuals, but between separate trips into orbit by the same
person (25:103). However it presents itself, the SMS syndrome lasts for an average

of 3 to 5 days, until the victim adapts to the weightless environment (25:20).

In 1982, the Air Force Institute of Technology began research into causes and
treatiments of SMS. Recently, this has focused on the brain electrical activity which
appears as motion sickness symptoms develop. The AFIT research team found this
activity formed a pattern which was repeated among different subjects, and has
followed this lead in search of insights into the causes and effective treatment of
motion sickness. Banducci and Vogeu began the process of analyzing these patterns
by separating them into their componcut frequencies using spectral analysis and
then graphically mapping the results (2:ix)(44:vii). Their methods averaged data
across time and based results on interpolated data. Because of this methodology,
there still remains questions concerning the origin and instantancous propagation of

this abno..nal activity in the brain. These issues can be further investigated using a

different tool—the toposcope.




1.2  Problem and Scope

The problem is to construct a toposcope as a new tool, test its use and flex-
ibility, and then iuterface it with motion-sickness-affected EEG. The device will be
computer-based and coded in the C programming language for implementation on
a Siiicon Graphic workstation. This brain mapping approach should provide a con-
tinuous, graphical display which can focus on brain activity in very-low-frequency
regions without the loss of timne resolution resulting from spectral analysis. It will
be able to derive its frequency selection from a fixed frequency source or the signal
in a single EEG channel. The tool's performance will be characterized by inputting
known-frequency signals. The toposcope will then be interfaced to a motion-sickness-

affected EEG record.

1.8 Role of Pattern Recognition

The pursuit of information about, and classification of, spatial and temporal
patterns is the focus of the field of pattern recognition (43:5). In this thesis, the
principles of this field will be applied to a motion-sickness-affected EEG record to
search for features or invariant attributes of SMS brain activity patterns. This re-
search effort will involve a partnership between human and machine in performing
this task. The machine—the toposcope—will possess no automatic recognition ca-
pability, as is commonly associated with machines in the field of pattern recognition.
Instead, the toposcope will exhibit the features of the pattern which are thought to
be the best for recognition: highlighting the frequency and spatial relationships of
the EEG signals. Furthermore, the toposcope will further aid recognition by tuning
its entire display to the predominant frequency of a selected channel. Therefore,
by extracting significant features of the EEG data from a background of irrelevant

detail, a human can approach a much simpler task of recognizing any pattern present

and further defining the pattern class encompassing motion sickness. Grey Walter,




one of the toposcope’s creators and a pioneer in brain activity research, wrote that

in the seeking of pattern lies the essence of science (47:69).

1.4 Assumptions

The are several key assumptions for this research regarding data collection
and aralysis. Because of the constraint on data availability as explained in the first
assumption, several of those that follow are similar to the assumptions proposed by

Vogen.

i. The only EEG records available for analysis are those collected during 1991.
Justification: Air Force sources could no longer fund AFIT's motion sickness
research after September 1991 due to budgetary cutbacks. Limiting Effects:
No additional data can be collected fer the purpose of pattern validation or in

the case of data loss or corruption.

2. All the equipment used in the collection of EEG data was properly calibrated
and fuactioning as designed. Justification: Data were collected prior to this
research effort and Vogen documented his calibration and functional checks
of equipment (44:31). Limiting Effects: If calibration or other problems are
found in the data, efforts are restricted to finding workarounds or eliminating

the affected data set(s).

3. The EEG data subject to analysis were relatively artifact free and any artifact
which was undetected was insignificant to the results. Justification: Data were
collected prior to this research effort and artifacts were assessed as minimal
(44:4). Limiting Effects: If excessive artifacts are discovered in the data, efforts

are restricted to finding workarounds or eliminating the affected data set(s).

4. The research problem is one of pattern recognition. A pattern is postulated to

exist, but finding and displaying the best feature of that pattern will reveal the

most information about its behavior. Justification: 1) Brain activity patterns




1.5

are the basis of the entire field of brain topographic mapping. 2) Vogen reported
a standard pattern during motion sickness. Limiting Effects: Focuses the

research on the qualitative detection of pattern.

. The physiologic changes, including EEG, which occur as motion sickness devel-

ops, correlate to the subjective level of sickness reported by the subject. Jus-
tification. In 1987, Drylie, Fix, and Gaudreault developed an equation which
correlates these two groups of data and trained a neural network to predict
subjective levels of sickness using physiological data, according to Banducci
(2:49). Limiting Effects: None. Rather, it permits the accurate labeling of

EEG states with the current level of sickness.

. The results will be representative of those which would be obtained from the

healthy, normal population experiencing motion sickness symptoms. Justifica-
tion: Samples were drawn from 10 healthy, normal volunteer Air Force officers
ranging from 26 to 41 years of age (18:1153). Limiting Effects: None. Rather,
it forms a portion of the basis for further extrapolating the results to cases of

space motion sickness among astronauts.

Format of Thesis

The next two chapters provide background information for this research. Chap-

ter II frames the space motion sickness problem and emphasizes the role of the EEG

in potential solutions. Chapter III then overviews three brain mapping techniques

used in deciphering and understanding the complexities of the EEG. Chapter IV

overviews the approach used in each stage of the thesis and explains the relation-

ships between the AFIT display and that of Walter and Shipton (45:283). Chapter V

reports on the design and coding of the AFIT toposcope. The results from analyz-

ing test signals and motion-sickness-affected EEG records using this tool appear in

Chapter VI, followed by conclusions in Chapter VII.

5
v




II. SMS: A Summary of Current Knowledge

2.1 Why SMS s Significant

The impact of SMS on space operations is disputed by some. Alihough ac-

knowledging the syndrome's physiological effects, Thornton, et al. state,

‘Vhile it is obvious that a person is hors de combat' during vomiting, this
1s brief. Conversely, trained astronauts have in every case, performed
assigned tasks. There have been two precautionary delays of scheduled
EVAs?. It isn't necessarily easy ...there is a lack of initiative, but tasks
trained for and scheduled are done and done well (42:A4).

However, Thornton, et al. also report that individuals with less extensive
training prior to the flight have sometimes been unable to complete all assigned
tasks (42:A4). An example was the first journalist in space, a Tokyo Broadcasting
correspondent who traveled with a Soviet resupply mission to the Mir space station
in December 1990. He had participated in 18 months of rigorous training with the
cosmonauts, but still his reports back to Earth were filled with comments about his
high level of discomfort and lack of normal function due to space motion sickness
and other factors (36:1). In addition, Hettinger maintains that any period of time in
which crew members are disabled by SMS symptoms, no matter how severe or pro-
tracted, is “extremely critical in terms of the risks and expense involved” (14:424).
A 1988 study by Ratino, et al. found a correlation between increase in reaction
time and inagnitude of motion sickness symptoms (32:223). Furthermore, activities
outside the Shuttle are not scheduled until after the third day of a flight and are lim-
ited to immune or adapted individuals because of the dangers of asp.rating vomitus

inside the closed environment of a space suit (8:1185)(30:28). This is particularly

'In & disabled condition.
2Extravehicular activities (space walks).




important becausc emesis in SMS usually comes suddenly, without the prior nausea
or other gastrointestinal symptoins that would normally precede it on Earth (42:A2).

So. SMS poses not only a nuisance but also a threat to astronauts and their mission.

2.2 Why Docs SMS Occur?

Many researchers consider SMS just another form of the terrestrial motion
sickness. They also believe the two syndromes have the roots of their existence in
the neural mismatch® hypothesis first formed by Reason (33:166). This hypothesis
explains motion sickness symptoms as the body’s natural response when the infcr-
mation transmitted by the eyes, the vestibular system, and other receptors i< not the
information the person expects to receive, based on past experience (9:474). This
memory of sensory inputs is accessed by a comparator center within the central
nervous system (CNS), which correlates them with the current experience and then
generates a response dependent upon the duration and the intensity of the exist-
ing mismatch. Frank motion sickness would be the result of an “overload” in this

comparator center.

For astronauts, discordant sensory inputs are quick to arise upon entry iato or-
bit. Their otoliths, the vestibular receptors dependent upon gravity for determining
the head's position, are left without any reference at all. Visual and tactile orien-
tation cues also become ambiguous: “up” and “down” are now redefined constantly

by the changing visual and tactile experience of a floating astronaut (28:218).

Although it is widely accepted that SMS is a form of motion sickness, there are
other theories which also implicate CNS involvement. The nullification of gravity in
orbit affects more than sensory inputs. Some hypothesize that the large fluid shift
within the bodies of crewmembers in orbit might directly increase cerebrospinal fluid

pressure or chemically change its composition, triggering a response from the CNS

3Also known as sensory conflict.




(28:219). Also, similar changes in the pressure or composition of the fluid within the

vestibular organs could cause a similar result (28:219).

2.3 Motion Sickness Treatmerts

Recognizing the probable role of the CNS in motion sickness, researchers have
developed three main types of treatments: biofeedback, desensitization, and drug
therapy. To date, no method has been completely satisfactory and each has specific
drawbacks. Biofeedback trains a person to use relaxation techniques to override the
autonomic (involuntary) nervous system and control the physiologic symptoms of
motion sickness as he or she experiences them. This approach has had positive ef-
fects for some airsick flight trainees but can be very lengthy and requires the person’s
complete cooperation and concentration (25:106)(18:1153,1157) . To desensitize or
protectively adapt someone to SMS, they are subjected to graded levels of the visual
and accelcration stimuli believed to induce SMS. The Space Science Board of the
National Research Council reported in 1987 that preadaptation had not been effec-
tive against SMS, although it did improve the effectiveness of biofeedback training

(25:106).

Researchers have also recognized that motion sickness symptoms can some-
times be controlled by drugs. Astronauts and cosmonauts have taken several differ-
ent drugs, most of which are used to treat terrestrial motion sickness, to attempt
to prevent or reduce SMS symptoms. These drugs include scopolamine, an anti-
cholinergic agent?® which reduces certain inter-neuron communications within the
autonomic nervous system, and meclizine, an antihistamine which has inherent an-
ticholinergic effects (25:106)(30:29). However, each of the drugs has undesirable side
effects varying from sedation to blurred vision. These side effects pose their own

operational hazards which lead researchers to combine drugs in an attempt to offset

‘Class of drugs which oppose the transmission of acetycholine, a chemical which carries nerve
impulses across intercellular gaps.

-



these undesired effects. A typical example is scopdex, a mixture of scopolamine and
amphetamine (30:29). No drug therapy has yet been found which shuts down SMS
symptoms and, unfortunately, astronauts continue to experience episodes of emesis

while on these medications (19:2).

In an effort to locate a more effective means of preventing or treating S\MS,
AFIT iu 1982 first developed a means of measuring the physiologic symptoms of
motion sickness as they progressed. One of the measurements used was the elec-
troen ‘phalogram (FEG), which detects and displays the electrical activity of the
brain. Despite some earlier discounting of EEG changes during motion sickness
(33:63), the AFIT research team found a consistent pattern of high-power, very-low-
frequency electrical activity which grew, waxing and waning, as symptoms developed

(5:1022,1024)(44:39-40,43-144). The pattern is shown in Figure 1.

The activity was located in a band of frequencies lying below 4 hertz which
i> comuonly called the delta and sub-delta frequencies (6:111). The research team
recognized that although the subjects’ external symptoms were those common to
motion sickness. their brain activity patterns resembled that of a partial (focal)

epileptic-type seizure. (5:1024)

Becanse the pattern was so distinctive, AFIT began testing the ability of the
classic anticonvulsant drug phenytoin to suppress the activity and perhaps reduce
the subject’s motion sickness svinptoms. They discovered that phenytoin therapy
provided a mean symptom-free time that was 11.9 times longer® than that experi-
enced under the placebo (5:1074). In addition, none of the experiment participants
experienced any side effects other than slight “light-headedness” or a sensation of
enhanced alertness (5:1023). Phenytoin treatment also delayed the appearance of
the characteristic EEG pattern in most of the subjects, with one of the participant’s

EEGs never registering the onset of the powerful delta pattern (5:1024). While

5With a standard deviation of 6.2.




Figure 1.

Frontal
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Brain Activity Pattern During Motion Sickness. Vogen reported this
signal propagation pattern which increased in signal power with time:
1) Initial symptoms brought a left parietal focus; 2) Almost simultane-
ously, or shortly thereafter, there was an ipsilateral spread (on the same
side) to the fronto-temporal region; 3) A contralateral spread (to the
opposite side) follows; 4) More pronounced symptoms brought a right-
temporal focus, sometimes unlocalized. (44:48)




the results of the phenytoin trials were very encouraging, they only emphasized the

question of how motion sickness could be related to the energetic delta-waves.

To further study the pattern of delta-wave propagation, AFIT has now turned
to a different form of brain topographic mapping, the toposcope. The following
chapter introduces the field of brain mapping and three major mapping techniques,

as well as explains the choice of the toposcope for this next phase of AFIT motion

sickness research.




111, Brain Mapping: A Summary of Current Knowledge

The field of brain topagraniiic mapping, also called brain mapping, exists in or-
der to expand the knowledge of how the human brain functions—and malfunctions.
It does so by pioviding information about the location of brain electrical activity
and the spatial and tempora! relationships between separate locations. Thus. brain
topographic mappingis true to its name' Sotli the prefix topo and the word map con-
veyv the idea of “location.” NMore importantly. brain mapping can offer a significant

advance over the usual inethods used to descrnibe certain brain phenomena.

Brain mapping is a term describing a group of display methods for which EEG
signals are often usec as input. The EEG is geaerated by brain cells as they alter
theit states of electrical charge by corinunicating with each other via signals of
constautly snifting amplitude and frequenc /41:1). These electrical changes extend
to the scalp, where elecirodes can detect the very minute voltages they create. As
these voltages, or potentials, continuously change, they can be traced onto strips
of paper to form extremely compiex graphs similar to a polygraph (27:168) (see
Figure 2). In addition, the “brain print” of these constantly changing signals is

different in each individual, as distinctive as the person’s signature (46:55).

These rapidly changing lines hold information about more than the surface of
the bvain. The EEG i1s the result of both spoutancous chaages in brain state and
function, and the elicited changes resulting from a stimulus, such as hearing a noise
(21:309)(6:1). The tracings of an EEG can eveu Le used to infer the location of signal
sources in a third dimension, inside the volume thev the hrain occupies (26:704). Yet,
interpreting the graphs of an EEG with the human eye is often considered to be more
ol a~ at than a science, for the EEG contains too much data in an unzuitable form
. v.sealenalysis t48:1) and, in all likelihood, a great deal of nowse. This 15 especially

tre o identifying brain-related discases and conditions caused by subtle alterations

of ~acky -« ind activity, such as mental rerardation (1).455) or motion sickness. [t was
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Figure 2. Example of Eight Channels of EEG Tracings (33:73).

because of this data presentation problem that researchers developed the techniques

of brain topographic mapping.

Brain mapping is an ever broadening field as new technologies become avail-
able. Upon encountering the words “"brain mapping,” the techniques that might
first come to mind are those that produce three-dimensional images: computed to-
mography, nuclear magnetic resonance imaging, and positron emission tomography.!
However, these technologies are considered brain-imaging methods, as opposed to
brain- mapping. The field of brain topographic mapping is limited to those techniques
applied to data measured using the electroercephalogram (EEG) or the magnetoen-
cephalogram (MEG). This chapter will discuss only topographic mapping methods,
and specifically only those applied to interpreting spontaneous EEGs, which AFIT
used to record all of its research data. Although brain mapping techniques are also
used to study short bursts of brain activity which are induced by specific visual,

auditory, or sensory stimuli? (16:52), these applications will not be addressed.

!These methods are probably better known by their respective acronyms: CT-scan, NMR or
MRI, and PET-scan.
?This method of recording is known as evoked-potential, or event-related potential recordings.




This chapter will overview several areas. It will begin with an explanation of
the role of brain mapping as a research tool. This will be followed by a survey of
three groups of brain mapping techniques which appear in the current literature:
the Walter-Shipton class of toposcopes (29:14), contour mapping, and statistical
mapping. Each discussion will include a description of the technique and its strengths
and limitations. Finally, the conclusion will analyze the various mapping methods
with respect to the research problem and the goal of continuing the investigatica of

brain activit. during motion sickness.

3.1 The Role of Brain Topographic Mapping

A mapping pioneer, Dietrich Lehmann. compared brain mapping to using a
subway map (48:1). He commented that just as a verbal description of the subway
system would be greatly aided by a graphical representation of the various routes,
50 too would raw EEG data be complemented by a brain map.? Topogray ‘ic maps
do not add new information, but are intended to make readily available the spatial
data locked inside the EEG tracings by showing the data in a space-oriented form
(22:29)(24:548). This is accomplished by regarding the electrodes as distributed in
two dimensions over the surface of the skull. The way these signals are distributed

over this surface is the key to gaining more information as to their origins (6:108).

The field of brain topographic mapping continues to grow with technology and
has found a definite place in brain research. H. Petsche said, “The overwhelming
invasion of the EEG by mapping methods demonstrates that scientists dealing with
the EEG have become aware of the fact that traditional electroencephalography
has neglected an essential aspect, namely location” (29:153). The earliest efforts
in the brain mapping area, dating back to the 1940s and early 1950s, have given

way to computer-based methods which offer unique characteristics to the search

3Lopes da Silva, along with several other experts, stresses the importance of not forsaking the
raw EEG as the primary record (24:549).
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for more insight into brain functions. However, the first device to be discusseq,
the Toposcope,* is especially unique due to its foundational role in the field, the

perspective it offers, and its relatively recent reappeararnce in the literature.

J.1.1 The Toposcope. The first brain mapping device used exclusively on hu-
mans was buiit by Grey Walter and Harola Shipton in the late 1940s and called the
Toposcope (45:283). Its purpose was to study the intrinsic rhythms, or frequencies,
of the brain’s internal communications created by the often rhythmic waveforms of
electrical, intercellular activity (37:659). Walter's theory was that these rhytlms
were produced by groups of millions of neurons firing in harinony and could be tied
to brain function. In addition, if properly displayed, they would show interdepen-
dence between separate areas of the brain as messages were propagated from spatially
separated groups of neurons (-46:62)(29:14). He shared the vision of Sir Charles Sher-
rington that the brain was “‘an enchanted loom where milliens of flashing shuttles
weave a dissolving pattern, always a mea:ningful pattern though never an abiding
one'" (47:14). Moreover, he hoped to design the toposcopic display to eliminate the
interference of signals in which he had no interest, while highlighting the parts of the
brain where activity was rela‘.d in frequency, as if disiinguishing “from the gossip

backchat of bystanders and the welter of routine traffic” (46:62).

3.1.1.1 How the Toposcope Works. The Toposcope was built in several
configuiations, but the third model was implemented using the then current vacuum
tube technology with 22 miniature cathode ray tubes arranged in the same pattern
as the scalp electrodes (39:219) to display information tying together the ampiitude
and frequency of the brain's activity at cach electrode’s location. Within each display

tube, a vector would rotate at a controlled rate like the hand of a clock about the

4 «“Toposcope” will be capitalized in this report only when referring to a device built by Walter

and /or Shipton. The lower case usage will refer to similar tools created by others or to the class of
devices.




tube’s center (29:14), locking much like a World War II radar display. A photograph

of the display, taken in the 1950s, appears in Figure 3.

Figure 3. The Toposcope Display of Walter and Shipton. The faint lines between
the tubes indicate the linkage of each tube to the electrodes on the head
of the subject. The electrode locations appear as small circles between

the displays (46:63).

The brightness of th luminous point located at the cdge of the sweeping vector
was controlled by the signal's amplitude, making the display’s brightness instanta-
neously responsive to the amplitude of electrical signal present at that location by
turning off or on the electron beam tracing the display (46:62). The vector rotation
rate was manuaily adjusted, tuning the display to a particular frequency comnponent

of the EEG (46:62).




The vectors on all 22 screens rotated in lock-step, but the display regions of
light and dark in each screen varied because brightness was controlled in each by a
different EEG channel. These displays could not only differ from each other, indi-
cating different dominant frequencies at spatially separate brain locations, but each
would also change rapidly over time. indicating the constantly changing frequency
and amplitude modulation of the EEG signals. As quoted by Walter and Shipton,
the cumulative, mesmerizing effect was summarized by Sir Charles Sherrington as
**...a sparkling field of rhythmic flashing points with trains of travelling sparks

hurrying hither and thither™” (45:282).

From this flashing field, Walter and Shipton sought to display relationships
between EEG channels. The key to these relationships was the vector sweep rate
in the displays. Because the vector in each screen rotatud at the same rate, the
displays were to present continuous snapshots of the relationship between the 22

EEG channels and the reference frequency set by the sweep rate.

3.1.1.2 Strengths and Limitations. The creators of the Toposcope found
that when the sweep rate was set to match the frequency of the dominant EEG
rhythm, one or more sections of the tubes would become constantly bright whenever
they reflected some harmonic of that ever-changing rhythm (29:14). Examples of
the wedge, hour-glass. and semicircular patterns that resulted are shown in Figure 4
under the column “Rotational Scan”. Phase relations could also be easily recognized
by comparing the relative positions of these areas of brightness on different tubes
(12:54). Signals of identical frequency, but different phasc, presented similar patterns

but rotated with respect to each other.

For the first time, the Toposcope made information about spatial and tempo-
ral variations in the EEG instantly and simultaneously available {39:217). Screens

displaying similar stationary patterns indicated similar frequency signals at those

locations. That signal could then travel to neighboring regions, causing their screens
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Figure 4. Examples of Toposcope Displays of Simple Signal Relationships. In each,
the 1-Hz reference signal is used to correspond to one sweep of the rotating
vector. Positive amplitudes of chanmnel signals create bright regions on
the screen at locations corresponding to their position in time. If these
frequencies were constant, they would result in stationary patterns of the
same design.




to show the characteristic pattern. In addition, a signal could be considered to orig-
inate between two adjacent locations whose screens displayed the same frequency
pattern, but 90 degrees out of phase (45:289). However, a consistently phase-shifted,
but similar. stationary pattern occurring between two separate areas of the brain
could result from a propagation delay of the same signal and point to an origin lying
other than between the twe electrodes. The Toposcope highlighted those frequencies
harmonically related to the sweep frequency and filtered out others because related
frequemries created stationary patterns and unrelated ones created patterns that
drifted around the s: reen, never remaining in one place long enough to “summate”

for the eyes or film (38:484)(45:287).

However, the Walter-Shipton toposcope did have some limitations.

o [t was difficult to interpret. Walter wrote, *“When we began to use this machine,
we found the time maps hard to understand. But gradually the new code has
begun to penetrate our thick heads and much of what was quite bewildering
in the ordinary brain prints now seems to be taking on new form and luster”

(16:62).

e It displayed only the signals at the electrode locations since it performed no

interpolation between electrodes, thus limiting its spatial resolution (39:220).

e it was incapable of exact amplitude measurements, but such measurements
were not among its intended purposes (45:285, 287) (39:218, 220). Shipton
considered this a necessary sacrifice of any area-display seeking spatial and

temporal resolution (38:485).

¢ It required photography as an integrating mechanism over several revolutions

to extract and capture the stationary patterns (46:62) (45:289).

o It was difficult to set the speed of the servomechanism controlling vector ro-
tation because of the operator's tendency to focus on moving rather than sta-

tionary patterns and because the frequency of the EEG is not stable (38:484).
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3.1.1.3 The Updated Version of the Toposcope. Additicnal versions of
toposcopes were created later by Shipton, with the most recent being announced in
1981. In building this latest toposcope, Shipton updated it with a mixture of analog
and digital technology, but retained the concept and type of display and features
from an earlier, interim toposcope announced in 1963 (37:639)(38:483). This display.
christened the “circular scan,”> altered the original rotational sweep to cause it to
inscribe a spiral on the screen by using a luminous point positioned at the end
of a rotating vector of increasing length. This added a fixed-length time axis to
the display, making it possible for an observer to see a brief history of the most
recent signals for comparison. Figure 4 provides examples of this display under
the column “Circular Scan.” Signals harmonically related to the rotational speed
appeared on the new display at the same angular position but at an increased radius
on each successive sweep (38:484). Those signals differing slightly from a harmonic
rclationship would result in a drifting pattern now more easily recognized. Figure 5
illustrates these features as it compares the temporal and frequency resolution of the

initial and revised displays.

Now time could be read over short periods by measuring the distance of any
portion of the spiral to the screen's center and phétography was only necessary
as a recording medium and not an integration mechanism (38:484). In addition.
the circular scan system could more easily differentiate between signals of slightly
differing frequency (39:220). The time period of the display was a maximum of 60
sweeps (38:483).

An additional feature of the new Toposcope was the ability to use the signal
in a selected channel as the reference so that the activity of the entire brain could
be correlated and compared with it (38:484). By measuring the frequency of the ref-
erence signal from the intervals between time-axis crossings, that signal would drive

the rate of vector rotation in the displays of all channels (32:490), thus eliminating

% Also known as the “helical” scan (39:14).
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Figure 5. Comparison of Resolution of Original and Updated Walter-Shipton Dis-
plays. A. The photographically integrated original display is ambiguous
when presented with short duration signals or those slightly offset from
the frequency of interest. B. The circular display clarifies these ambigu-
ities, showing brief signals in the 10 and 12 o'clock directions, a steady,
harmonic signal at 8 o’clock, and a steady, but non-harmonic signal at 4
o'clock, resulting in a constant shift in subsequent traces (39:220).

the need to mannally control the rotational frequency. The rotational speed could
be related either to the fundamental frequency or to some sub-multiple of the signal
by use of an attenuator (38:490). Although Walter did mention that the sweep rate
on the original Toposcope could be controlled by signals from the subject’s brain

(46:62), no indication of how this was done could be found in the literature.

This 1981 version of the Toposcope made several positive contributions but had
its limitations as well. By virtue of the new circular display, it did remove the need
for photographic integration in order to focus on stationary patterns in the display.
The addition of an automatic mode which drove the sweep rotation according to
one EEG channel eliminated the restrictions and difficulties of manual control. Also,
Shipton reported that this system was better suited than the original Toposcope for

studying sp.ontaneous EEG, as opposed to evoked potentials (38:483). However, its

limitations included:




s It did not address the limitations of its predecessor in spatial resolution and

amplitude measurement accuracy.

e It was unable to display evoked responses to slow, repetitive stimuli (rates

below 3 per second) without losing adequate frequency resolution (38:483).

The Toposcope continues to offer a unique perspective on brain activity re-
search, displaying instantancous relationships in frequency and phase between sep-
arate areas of the human brain (39:221-222). But its Shipton-defined role as “an
extremely sensitive indicating device, rather than a precise measuring instrument”

is an important distinction (38:483).

3.1.2 Contour Brain Mapping. Ever since Antoine Rém~nd created the first
chronotopogram in the early 1960s (35:73-93), contour mapping has been an ef-
ficient and popular way of overcoming the problem of discrete EEG sampling in
space (23:145). Contour mapping, unlike the Walter-Shipton class of toposcopes,
uses interpolation methods in order to smooth out the informationai discontinuities
between electrodes (23:143). The output is an image very similar to a contour map
of a geographic area, with free-form curves indicating areas of similar elevation and

the spacing between curves showing an incremental elevation change.

3.1.2.1 How Contour Mapping Works. There are two basic groupings
of contour mapping techniques (26:705). One consists of recording scalp potentials
from a two-dimensional array of EEG electrodes at a single moment in time and
creating a map of the potential field using interpolaticn methods. Thus a series of
maps can be produced showing changes over time. The second group records only
from a line of electrodes which measure the EEG potential at specific points along
one dimension. However, the recording is continuous, producing a two-dimensional

plot with the time axis running the length of the output. Here, too, an interpolation
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scheme is used to estimate those points not measured. The chronotopogram belongs

to this class of contour mapping (26:705). An example appears in Figure 6.

43-1
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Figure 6. Rémond's Chronotopogram. An example of the first contour brain map
(35:81).

There are several different means of interpolation in use, both linear and non-
linear. Although interpolation is a common practice, its use should not be considered
trivial. Instead, careful consideration should be given to selecting the best interpo-
lation method since 99 percent of the resulting brain map will result from the al-
gorithm’s calculations, rather than fro the measured, known points (27:168). The
most common linear methods used in brain mapping applications are the nearest-
three-neighbor and the nearest-four-neighbor algorithms, according to Wong (48:14).
They cause the interpolated values to reflect the trend set by the values of the bound-
ing three or four points. Variations of these linear methods differentially weight the
bounding or spatially distant points to affect the calculated value (11:21). In non-
linear interpolation, the calculation fits a complex curve to the data points and uses

the resulting equation to determine the needed values.

Sometimes, averaging procedures are also used. Measurements of potentials at
each electrcde are averaged together over some predetermined period of time and

then these average values are mapped as before (26:705). This results in the loss
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of information on high frequency changes in brain activity, but works to highlight
the most significant activity patterns since they were present during all or most of
the averaged period (48:12). A secondary benefit is the resulting data reduction in

generating only a single average map (48:12).

Contour maps are not limited to displaying instantancous voltages, but can
also display voltages from portions of a signal's frequency spectrum. The EEG
data can be processed by a computer-based mathematical technique called a fast
Fouri - transform (FFT) which transforms a signal stream, often 1-to-10-seconds
long. from the time domain into the frequency domain (13:348). The resulting
individual frequency components could then be summed back together to reproduce
the original signal. These components can be displayed for a single electrode as traces
in which the vertical axis is voltage or power and the horizontal axis is frequency.
However, the spectrum region for the entire array of electrodes can also be displayed
as a contour inap, affording an image of the amplitude of overall brain activity in

that frequency band (48:24).

Artificially coloring the regions of a contour map can highlight the areas of
similarity and dissimilarity, and therefore is a very popular option (27:168). Shades of
gray or variations in the density of dots or other symbols are comparable highlighting

methods.

3.1.2.2 Use of Contour Brain Maps at AFIT. Both Banducci and Vo-
gen used contour maps in analyzing motion sickness EEG patterns (2:86)(44:20-21).
Both researchers used the contour maps created by a software package called the
Brain Atlas® to display voltage maps from the delta region of the brain’s frequency
spectrum. Examples of these color maps are reproduced in black and white in Fig-

ure 7.

%A product of Bio-logic Systems Corporation.
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Figure 7. Examples of Contour Brain Maps Used in Prior Research at AFIT. These
four maps display activity in four different frequency bands, as labeled
by the numerical range below each map.




They processed 14-channel EEG data using FFTs to transform 2-to-10-second
epochs (blocks) of data into the frequency domain (44:32). The resulting maps were
produced in color and clearly displayed the spread of an electrical activity pattern

as metion sickness symptoms giew in severity.

3.1.2.3  Strengths and Limitations. Contour mapping offers two distinct
advantages to the field of brain mapping. First, it presents data in a manner casily
assimilated, even by people who know relatively little about EEGs (27:168). Second.,
when used in conjunction with the FFT, contour mapping can present this data in
cither the time or frequency domain, permitting researchers to look at brain activity

across all frequencies or by frequency region.

Despite the power of the F+_ function and the appeal of the smooth, colorful
display, there are several acknowledged drawbacks to the contour mapping approach.

The following are precautions to consider when interpreting a contour brain map.

e The vast majority of the mapped values are interpolated, and the type of in-
terpolation determines how the peak voltages should be considered. In linear
methods, any peak voltages are forced to lie at the locations of the electrodes
rather than at a location of a calculated value (48:14). In no1.-linear interpola-
tion, voltage peaks can occur at any location, but this method can also assign
maxima where none actually exist (48:16). Thus, it is important to remembe1

that all interpolated points are approzimations (11:21).

o High frequency changes in brain activity will not appear if average values were

used in constructing the display.

o Fast Fourier Transform maps display integrated, not instantaneous, values
(7:342). Specifically, the frequency band power will correspond to the stan-

dard deviation of the average of all momentary maps over the time period

(20:58-59). Shipton also states that additional difficulties and uncertainty are




introduced in the low frequency regions when attempting to splice together a

reliable picture of the average activity over time (39:218-219).

¢ Both the number of electrodes and the reference voltage used can drastically

affect the appearance of the contour map (11:23)(26:703).

o It is possible to misuse color in the contour map. If contrasting colors are used
to represent neighboring amplitude ranges, they can lead to the iuterpretation

that an important threshold exists. when it really does not (11:23)(39:223).

These limitations of contour mapping apply to the previous research at AFIT
based on brain mapping. While Vogen was specifically careful in selecting the
time periods (epochs) he used in averaging his samples (44:32-33), the mapping
method used in his and Banducci's efforts could not display the frequency-dependent,
momentary changes in the EEG pattern, but only averaged changes which were
“blurred” in the time domain. In addition, the majority of the hundreds of dis-
played pixels in any given map were generated by interpolating only 14 data points.
In order to produce a time-sequenced approximation of the propagating pattern,
Vogen produced an animation using many separate maps averaged over overlapping

periods of time recorded on a video camera (43:34).

3.1.8 Statistical Brain Mapping. In statistical mapping, the image created
does not represent the voltage or power of brain activity. Instead, it maps statistics
comparing cach point of the EEG spatial field with some reference, with the goal
of indicating the degree of difference among images. The introduction of statistical
techniques has greatly changed the outlook for brain topographic methods (39:222).

Gevins further emphasized the role of this approach:

Modern information processing of EEG recordings brings 3 essential ad-
vantages: ‘precision (and accuracy) of measurement,’ ‘speed of process-
ing,’ and ‘significance,’ that is, a new understanding of the results with
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the help of statistical tools. Any statement which possesses great signifi-
cance must derive from a large enough number of accurate measurements
and be made after a statistical operation accompanied by a strong enough
statistical ‘weight.” (34:viii)
3.1.3.1 How Statistical Mapping Works. Statistical mapping usually
begins with a plot of the brain potential field in some or all frequencies produced by
a contour mapping method. It then performs a pixel-by-pixel statistical comparison
with a reference map which can be another individual image or, more commonly, a
map of mean values from some population. The results are then transfoimed into a

new lmage via a statistical to optical transformation (10:455)

In the case of significance probability mapping (SPM), Duffy, et al. use two
different type of statistics: the Student’s t-test and the z-transform to delineate
regional topographic differences in brain acuvity (10:456-457). In the t-statistic
form of SPM, the individual points are summed between multiple maps within two
separate sets: the control and experimental sets. The results are two maps consisting
of the summed pixel values of their respective sets. Each of these images are then
converted to a map of the mean values and a map of the variances. Finally the
t-test is applied between the control and experimental sets and the result is the ¢
statistic map, which reveals the regions in which the differences between the two
populations are statistically significant (10:457). In 2-statistic SPM, an individual
map is compared against the mean and variance maps of reference population. The
z-transform map results, where the values are the number cf standard deviations the

individual map lies from the mean of the reference group (10:457).

Another approach to statistical mapping is the neurometrics method devel-
oped by E.R. John, et al. which estimates the probability that the quantitative
measurements of brain activity reflect dysfunction (31:153). Neurometrics first ex-
tracts particular features from the EEG data. This method then produces brain
maps using the z-transform with the scale representing the probability that the val-

ues shown might be found in a healthy, normally functioning person of the same age.
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John has also demonstrated the capability of neurometrics to accurately classify the

transformed individual maps of psychiatric cases according to the disorder present

(17:116).

3.1.3.2 Strengths and Limitations. As Rémond’s quote pointed out ear-

lier, the strength of the statistical methods lies in their power to highlight the sig-

nificant differences in brain activity. Another advantage is the capability to then

dependably classify maps into categories of dysfunction. All this increases the use-

fulness of brain mapping as a research tool.

The limitations of the method are:

“Normal” is a relative label. There is significant debate over defining the
statistical distribution of the normal EEG. Different techniques sometimes use

substantially dissimilar limits of normal (27:171).

Medications, age, gender. and handcd.ess’ affect the statistical comparison.
These factors must be considered because they affect the EEG and couid in-

validate any comparison to a norma!l population (27:171).

Abnormal results are not necessarily significant. A computer can easily gener-
ate 5000 or more statistical results. Thus, a few results outside even a three
standard deviaticu criterion for abnormality could be expected due to random

chance (27:171).

Statistical mapping requires a sizable normative database of maps, a signif-
icant investment of resources (11:23). Location-by-location comparisons be-
tween individual maps cannot provide information about the significance of
any differences because no variances are available. Instead, individual maps

should be compared only against reference populations (21:343).

"Whether the person is right- or left-handed.
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3.2 Further Application of Brain Mapping at AFIT

Each group of brain mapping methods has distinctive strengths and limitations.
Because of this, they would seem to complement each other: a toposcope displays
instantaneous timing and phase relationships, contour mapping “fills in the gaps”
between electrodes and provides spectral maps, and statistical mapping calculates

the significance of differences between maps.

However, with respect to AFIT's quest to learn more about brain activity pat-
tern- luring motion sickness, each technique may or may not be practical. Contour
mapping of FFT-generated spectrums was the method used in the initial discovery
of the pattern of iuterest. Further application of this technique does not appear to
offer the most hope of additional insights. Statistical mapping, while a very powerful
tool, requires a sizeable reference database which AFIT neither has nor will be able
to afford in the near future. A toposcope like that of Walter and Shiptor. 1l reveal
more of the brain activity pattern which motion sickness “weaves.” It is especially
suited to investigate instantaneous spatio-temporal images and should be tunable
to the delta/sub-delta frequency region. Although less complex in implementation
than contour mapping with its interpolation and FFT operations, the toposcopic
technique will nevertheless offer a continuous, alternative display of brain activity

patterns as they spread over the brain's surface moment by moment.

Both Walter and Shipton saw the toposcope as more of a qualitative rather than
a highly quantitative tool, stating that encephalographers are usually more concerned
with the frequency and spatial location of signals than their exact amplitude (38:483).

Shipton wrote in 1986,

Numbers are not (Lord Kelvin notwithstanding) the only route to knowl-
edge. An analogy can be found in the analysis of handwriting. It is ex-
ceedingly difficult to represent a signature by a polynomial; a bank clerk
can quickly recognize a vaiid or invalid signature even in the presence of
considerable artifact (39:222).




Given the dual qualitative/quantitative nature of AFIT’s search for motion
sickness brain activity patterns, the desire to use a different topographic method
to compare against the previous applications of contour mapping, and the lack of
the sizeable database required to implement statistical mapping, the toposcope was
chosen as the tool for this latest phase of motion sickness research. The AFIT
toposcope will function similarly to that of Walter and Shipton. Furthermore, while
the limitations of spatial and amplitude resolution are characteristic of the toposcope
class of devices and will not be improved upon by AFIT's new toposcope, the use
of computer code instead of electronics as the display’s building blocks offers new

flexibilities, features, and interpretation aids. How this tool was implemented is

described in the next chapter.




IV. Kesearch Approach

There were three major efforts which comprised this research. The first was to
access and convert the binary EEG data in the Bio-logic computer files in the Motion
Sickness Lab. The next task was to design and construct a toposcope by writing
software using C to drive a computer graphics terminal. The last task was to run test
signals and digitized EEG data through the toposcope, making adjustments to the
display and frequency selection, in order to characterize the ioposcopes performance
and study the brain activity pattern in the delta frequency band. This chapter will
describe the approach used in each of these areas as well as list the required material

and equipment

4.1 Preprocessing the Data

The first task was to ensure digitized EEG records would be available to drive
the computer-based toposcope. No additional recordings could be made due to the
loss of funding for AFIT motion sickness research at the end of FY91. Records
fromn 1991 were available on 14-channel beta tapes, with the data recorded in analog
form. Each of these records had also been previously digitized using the Brain Atlas
software and stored on diskettes or a hard disk, but the format of the data within

each file was unknown.

The data preparation task is documented in Appendix A and consisted of the

following steps:

e STEP 1.1 - Determine format of data in Bio-logic files.
e STEP 1.2 - Validate file interpretation and voltage values obtained.

e STEP 1.3 - Move data files to Silicon Graphics machines and convert to UNIX

format.




e STEP 1.4 - Read pertinent file header data, reorganize data by channels, and

read in data points.

e STEP 1.5 - Validate output.

4.2 Designing and Coding the Display

The next task was to design and construct a toposcope on a computer graphics

terminal. The steps in this process follow:

o STEP 2.1 - Learn basic C syntax and grammar, as well as the fundamentals

of 4Sight, the Silicon Graphics windowing system.

e STEP 2.2 - Obtain public-domain graphics code as similar as possible to the

desired product and learn how it functions.

e STEP 2.3 - Construct display prototype program from sections of original and

borrowed code.

e STEP 2.4 - Build test data files using known signals (sinusoids in the delta

frequency range).

e STEP 2.5 - Test Phase I display using test data files. Test display’s ability to

highlight harmonics of sweep frequency to a human observer.

e STEP 2.6 - Construct Phase I toposcope based on lessons learned.

Instead of the circular displays of the Walter-Shipton toposcope, square dis-
plays for each channel were chosen for the AFIT version because of the relative ease
of creating and updating moving lines on the Silicon Graphics workstations. The
display for a given channel consists of a horizontal, gray-scale “bar” of fixed dimen-
sions which moves up and down within the region of a box. The boxes appear on the
display in the same relative orientation as their sources on the subjects’ scaips. The
intensity of all bars is determined by a single signal or channel, known as the refer-

ence, while the vertical displacement of each bar within each of the 14 channel boxes
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is driven independently by the signal of that channel. This results in the brightest
bands appearing in all channels whenever the amplitude of the reference signal is
peaking, but at locations varying across channels due to the different instantaneous
amplitudes of the EEG in each channei. Figure 8 shows the original concept of the
AFIT toposcope while Figure 9 gives simplified examples of expected displays of

sinusoidal test signals.

Figure 8. Original Concept of the AFIT Toposcope. Note that horizontal traces
replace the circular sweeps of the Walter-Shipton version.

Harmonic relationships between reference and channel signals would be in-
dicated by one or more stationary bands of maximum intensity in that channel’s
display (see Figure 9). However, it should be noted that because of the difference in
the role of the reference signal between the Walter/Shipton and original AFIT topo-
scopes, different‘,harmonic relationships are displayed. The original toposcope used
the reference signal as an angular displacement driver to set the speed of the rotating
vector and driving the display to key on harmonics of that reference frequency. For

example, a stationary hourglass pattern (two opposing wedges) indicated that the
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Figure 9. Expected Test Displays on the AFIT Toposcope. Input signals are si-
nusoids. The reference signal determines the brightness of the bar (only
the peak brightness is shown in the simplified version) and the channel
signal determines the vertical position of the bar within the box. Note
the intensity gradients occurring in the actual display. Displays shown
are nnt instantaneous but represent the composite display as seen by an
observer.
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channel signal was a second harmonic of the reference signal. But in the original
AFIT version, the reference signal drives the brightness of the displayed bar and
the channel signal drives the displacement, vertically in this case. If a double-bar
stationary pattern results, it indicates that the channel signal is potentially a second

sub-harmonic of the reference signal.

Thus, while both toposcopes indicate channels whose signals are at the 1efer-
ence's fundamental frequency, they also highlight signals on opposite sides of the ref-
erence frequency. This role change for the reference signal was required by the design
chosen for the AFIT toposcope and hardware restrictions, all of which are explained
in Chapter V. Also, a means of automatic frequency selection was implemented in

a manner similar to Shipton’s 1963 toposcope, as discussed in Section 3.1.1.3.

4.3 Analyzing Test and EFG Signals with the AFIT Toposcope

The final task was to use the motion-sickness-affected EEG records as inputs to
the completed toposcope and analyze the resulting displays for evidence of frequency-
based relationships between separate areas of the brain as reported by Vogen. The

steps in this process follow:

e STEP 3.1 - Use test signals to determine the toposcope’s response to signals
sharing fundamental, harmonic, sub-harmonic, and phase-shifted relationships.

Adjust the display as necessary based on lessons learned.

e STEP 3.2 - Determine from Vogen’s notes the time-spans in the EEG record
where the subjects began reporting motion sickness symptoms and in which
channel(s) the high-power, low-frequency EEG pattern characteristically ap-

peared.

e STEP 3.3 - Transfer the EEG data record to the Silicon Graphics workstation

where the AFIT toposcope was resident.




e STEP 3.4- Display the record on the toposcope, referencing the signal of all the
channels to a fixed-frequency reference, as well as to EEG channels determined

to be active in the pattern.

The expected result was that the display of the reference channe! would initially
show a stationary, single bar while other channels showed no meaningful pattern.
However, as the high energy, low frequency signal began to propagate across the
brain, the corresponding patterns would fade into and out of the reference channel
pattern, perhaps harmonically related and/or phase-shifted, as the activity pattern
waxed, waned, and spread. The pattern was expected to follow that described by

Vogen and shown earlier in Figure 1, Section 2.3.

4.4 Chapter Summary

This phased approach, accessing the data, constructing the display, and then
studying the toposcope's presentations of the data, was intended to provide a sys-
tematic means of using a new tool to further study the brain activity patterns during
motion sickness. While similar in many ways to its predecessors, the AFIT toposcope
uses a unique display methodology. The first step, EEG data record conversion, is
discussed in Appendix A. How the new toposcope was designed and coded to display

the converted signals is the subject of the next chapter.
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V. Butlding the Display

The program fr r the graphics display and user interface of the AFIT toposcope
grew from a founda ion formed by a “host” program Profile.! Because of the absence
of C and graphics programming experience, this method of using another program
as a learning tool and foundation was adopted by the researcher. The program
chosen was the result of an earlier AFIT computer graphics project to modify the
demonstration program Curve Demo provided by Silicon Graphics for users as public-
domain software. Profile was chosen because it used windows, drew lines, ran on the
Silicoa Graphics workstations, and at least one programmer at AFIT knew how it
operated. The display portions were eventually gutted and rebuilt, but the event

handling? portions were left largely untouched.

5.1 From Code to Display

There were several tasks in this portion of the research: boxes and bars were to
be drawn on the screen; the bars were to move in sequence with an incoming signal;

and the brightuess of the bars was to vary in accordance with a separate signal.

5.1.; Drawing to the Screen. The graphics library functions of the Silicon
Graphics IRIS-4D workstation used for the project made the display of the simple
objects required relatively straightforward. Functions existed to draw boxes as well
as lines of varying widths. The bars used in the display were actually line segments
which were 2 to 30 pixels wide. The vertical displacement of the bars resulted from
tying the y-coordinates of the line segment’s vertices to the value of data in that
channel, which was clipped at three standard deviations from zero and then scaled

to use the entire height of the box. Initially, the intensity of the bar was controlled by

'"Written by Capt Chuck Wright.
2Refers to means of incorporating operator actions into program execution.
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similarly clipping the reference channel’s input and scaling it to the 256-value gray
scale. Thus the bar would appear very dark at a minima of the intensity driving

signal, very white at a 1naxima, and some shade of gray at points in-between.

5.1.2 Animation Using Double Buffering. Smooth animation was possible
because of the technique called double buffering. The method involves displaying
a front buffer (bit plane) while updating a hidden, back buffer. These buffers are
then switched and the buffer which was earlier on display is now updated in the
background. This process continues as long as required. Because the buffers can
only be switched as fast as a screen can be drawn cr refreshed, animation frequency
is limited to 72 Hz. Attempting to animate an object on a single bit plane, even
a simple object such as a bar, results in a jerky and confusing display. Using this
double-buffer technique, a previously drawn object, such as the display bar in a
channel box. could be erased from its old position and redrawn at a new position
while in the back buffer and then the two buffers switched, displaying the newly
drawn screen. When this operation was repeated rapidly it resulted in the bars’

smooth motion on the screen.

5.2 The Phase I Display

A prototype display was coded and produced a single window which contained
two boxes, corresponding to two EEG channels. Within each of these boxes was a
single, horizontal bar whose deflection would be controlled by the frequency of one
EEG channel while the brightness of the bar would be determined by the amplitude
of a second channel. If the two channels were of equal frequency, a single band of
brightness should be stationary in the box. If the signal driving the brightness was
a harmonic of the signal driving the deflection, then more than one stationary band

would be displayed. In addition, if the signals differed only slightly in frequency, the

brightness bands would slowly drift up or down within the box.




The initial display was difficult to interpret because too much information was
being displayed. The smoothly, but rapidly changing shade of the bar as it traveled
the height of the box was interesting, but confusing, making it hard to track the
locations of the brightest bands on the screen. A wider bar (20 vs. 5 pixels) and the
decision to only display the bar when the intensity driver was at an amplitude peak
helped significantly. Since the number, location, and drift of the brightest bars was
the key to interpreting the display, both of these changes worked well in focusing
the virwer’s attention on the important aspects of the display. However, it was this
change which also determined the role of the reference signal in the display. Since
the display was only drawn as indicated by the occurrences of peaks in the intensity
driver, the display would be faster if all 14 channels were updated with each screen
redraw event. This mandated that the reference signal, since it was common to all
channels, should be the intensity driver. To do otherwise would significantly slow

the display update rate.

With these modifications, the Phase I display provided the displays expected
when driven with sinusoidal test signals between 0.5 and 2 Hz. The display suc-
cessfully identified first and second harmonic relationships between brightness and
displacement driving signals. These test signals were generated on a function gen-
erator, verified on an oscilloscope, digitized using the Brain Atlas, and converted
using the prep-data() function in the toposcope code. While test inputs could have
been generated by a C program and directly fed into the display, merit was seen in
using as many as possible of the same steps to create the test data as were used to

preprocess the EEG data files.

5.3 The Phase II Display

While the preceding display had established the basic principles used in the
display of the AFIT toposcope, the Phase II toposcope created the tool which was

better suited for the EEG data analysis which was to follow. It was during this
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period that the AFIT toposcope was given the name TOPOS, the Greek word for

Al

“place.” Appendix I contains the code for the TOPOS program with associated

comments.

5.3.1 Appearance Modifications. The two boxes in the Phase [ display were
replaced with 14 smaller ones, arranged' in the pattern in which EEG electrodes
where placed during data collection. Text was added to clearly label the channels
and the standard electiodc locations for reference purposes. Status and configuration
information was written to the screen to keep the user appraised of current data file,

elapsed time, reference channel, and selected display options.

5.3.2 Display and Processing Modifications. Vertical displacement in the dis-
plays was no longer scaled to each channel's maximum and minimum values because
extraneous spikes in the data caused the majority of data points to be compressed
into a narrow region. Instead, the upper and lower limits of bar travel were set to
three standard deviations of each channel, using values calculated during data file

conversion.

A significant change was the introduction of a time axis in the display, similar
in principle to Shipton’s circular display. The display of TOPOS changed so rapidly
that the advantage which Shipton found in his circular scan over the original rota-
tional scan became very apparent; TOPOS also needed a means of visually tracking
the display's history. The time axis of the circular scan was adapted to TOPOS in
the same linear fashion as its display: time “bins” were created in the software and
each call to draw the bar wrote only a vertical slice of the bar as wide as one bin and

right-shifted but adjacent to the slice last drawn. An example is shown  Figure 10.

Thus a time record of the bar’s path in each channel display appeared on the
screen, being erased only as the display wrapped around in continuation of its task.
All this permitted the observer to clearly note the bar’s path over th~ jast 69 draw

events at any time during the display’s operation. This time-shifted display method
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Figure 10. Time-Shifted TOPOS Display. Note the visual history of the display
Lar’s path not provided by the single-bar display.

resulted in the first clear indication of a fourth-harmonic relationship between signals
during TOPOS testing.

Five other modifications followed, all targeted at improving the display’s abil-
ity to focus on lower frequency components of the EEG. The first was the option to
trigger draw events at axis-crossings (sign reversals) of the reference signal, rather
than at its amplitude peaks. Figure 11 provides an example of signal-display rela-
tionships in both the single-bar and time-shifted displays using this event trigger.
This option was required by the need to study the lower {requency components of
the EEG signals. While peak- riven drawing was satisfactory for the smooth, si-
nusoidal test signals, the technique keys to the highest frequency components of an
EEG signal. This led to the second modification: using “smoothed” EEG inputs.
Axis crossings, especially those of an EEG signal that has been smoothed, occurs

at the signal’s lower frequencies. Smoothing was necessary because energetic, high

frequency signal components were often large enough in amplitude to drive the signal




TOPOS TOPOS
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Figure 11.

TOPOS Test Displays Resulting from Reference Signal Axis Cross-
ings. Display intensity is muted in comparison to reference signal
peak-generated displays and three bands now indicate a first harmonic
relationship.
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across the axis while the mean local amplitude of the signal was still wzll above or
below the x-axis. The relationships between the peaks and axis-crossings of an EEG

signal and the benefits of signal smoothing are shown in Figure 12.

ORIGINAL EEG SIGNAL

SMOOTHED EEG SIGNAL

Fignre 12. Advantage of a Smoothed EEG Signal. Note the multiple axis cro:sings
in the original signal resulting from high energy, high frequency compo-
nents. Thzse crossings are absent in the smoothed version, leaving only
the axis-crossings at the lower frequencies.




The smoothing algorithm used was:

1 X
L = s 1
y} 2n + 1 '-;_"y ( )
where: Y, = the amplitude at time (samgle) 1

n = the radius of the smoothing window

The radius of the smoothing window was determined heuristically. An n-value of 14
was found to reduce the energy of high-frequency components sufficiently to uncover
some of the lower frequency axis crossings of sample EEG signals. These smoothed
signals were first substituted only for the reference signal in order to set the timing
of the draw events in the display. However, this sacrified amplitude resclution when
using the scaled intensity option since the reference signal determined the intensity
of the bars in the display. The chunnel signals, which drove the displacements of the

bars, continued to use the original EEG inputs.

The third modification was an option to skip over a selected number of reference
signal draw events (peaks or axis-crossiugs). This lowared the effective frequency of
the screen updates while maintaining some control link between the brain's actual

activity and the display's output.

To provide another option in exploring the low frequency components of the
EEG signals, the fourth modification caused the Phase II display to calculate the
mean sample nuinber between every two axis crossings of the reference signal. When
these calculated sample numbers were treated as actual axis crossings, the effect
was the same as doubling the axis-crossing frequency. During the testing, it was
found that reference/channel relationships were more easily seen in a peak-driven
display when the reference signal was a first-order harmonic of the channel signal,

producing a 2-band display. It was hypothesized that by effectively halving the
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constantly modulating frequency of the reference signal in this manner, that a 2-
vand display might result which would be easier to detect than the 1-band display
of 2 signals fundamentally related to each other. Tests with simple and summed
sinusoids supported this approach, but it was not as helpful iu EEG signals analysis.
Because of this, and due to the time delays caused by the preprocessing to calculate

the additional data points, this option was later abandoned.

The fifth modification was the addition of computer-generated low-frequency
sinusoids as reference signal options. Complete data records could then be displayed

and their relationships to 0.5. 1, 1.5, and 2-Hz signals studied.

Other options were also added for controlling the intensity of the plots on
the display. Intensity scaling according to reference signal amplitude often seemed
more distracting than helpful and so the user was given the alternatives of clamping
the intensity to a maximum value or using a bi-level intensity scheme based on a
user-selected threshold. This threshold option was intended to address the display
distortions arising from the limited resolution of the digital input signals: signals
crossing the axis will probably not be sampled at the zero-amplitude point but
at some point very near the axis crossing with some non-zero amplitude. If the
signal crosses the axis at son.e steep slope, as EEG signals do, the amplitude of
the sample may be significantly displaced from zero. As a result, digitized test
signals were producing ragged patterns using axis-crossing events which were not as
easily recognized as the smooth patterns produced by computer-generated signals,
which contained all of the exact axis-crossing values. Using this option, those bars
resulting from a reference signal value which had changed sign from its predecessor,
but which was greater than the selected threshold, was drawn in a subdued shade to

deemphasize its presence. This acted to focus the viewer's attention on the bars in

the overall pattern which resulted from reference signal values under the displacement

threshold.




5.3.3 User Interface. Linking control over these many display options within
the AFIT toposcope to user menus greatly simplified the task of viewing various data
records repeatedly while varying display parameters. Descriptions of these menus

and their associated functions appear in the TOPOS User’s Guide, Appendix G.3.4.

5.4 Chapter Summary

A computer program was written in two phases to impiement the display
methodology selected early in the research. TOPOS, the resulting AFIT toposcope,
offers various display and processing options which were added as the tool matured
during testing. These options allow the user to vary bar intensity and width in order
to enhance the patterns present. Draw events can be selected in order to control the
effective frequency of the reference signal and both fixed-frequency signals and EEG
channels can be used as reference signals. The results of using TOPOS to analyze
test signals and an EEG record of motion-sick individuals are the subject of the next

chapter.
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VI. Results: The Toposcope’s Point of View

Finally, the last task of this thesis was using TOPOS to study test signals
and digitized EEG data. The test signal analysis was an important first step to
attempt to characterize the toposcope’s display for various signal frequency and
phase relationships by using inputs with known characteristics. This would provide
the basis for interpreting the more complex EEG displays and indicate poscible

problems in analyzing them.

6.1 Test Signal Analysis

Test files were built in which each channel was a different signal; both periodic
signals and EEG signals combined with a sinusoid were used. Appendix G.3.4 lists
the test files’ contents by channel. Using TOPOS, any channel could be referenced
to any other channel, and the relationship displayed. Low-frequency sinusoids, both
of constant and varying frequency, were generated by the digitization procedure used
for the EEG signals, producing an off-frequency signal. They were also generated
by computer program, producing true-frequency signals. Later, display performance
was checked with EEG signals which had been summed with 1-Hz sinusoids of various

amplitudes.

6.1.1 TOPQOS'’ Initial Configuration. The time-shifted display was used be-
cause of its addition of a time axis to the display. Seventy “time bins” were uscd
to provide the viewer with as much history of the patterns presented as the display
would allow. Screen updates were driven by reference signal axis crossings. W' ile
peak-driven drawing was also a valid method for displaying test signal relationships,
it was confusing with EEG signals because of their amplitude modulation and so
was not used. Bar width was varied as necessary for clarity. Narrow bars were

helpful in detecting patterns in complex displays, as were broad bars in simpler dis-
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plays. Bar intensities were not varied using either of the developed options because
the peak reference signal amplitudes they represented in one case were valid only in
peak-driven TOPOS displays, and in the other case. their representation of sampling
resoluvion error was deemed more confusing than helpful. Instead, bars were drawn

using maximum intensity.

6.1.2 Display interpretation. The displacement of the displayed bars from
the central horizontal axis in each display was afforded the most importance and
used a> the sole feature in determining the signal’s relationship to the reference and
in search of any pattern presented across multiple channels. This was justified be-
cause the bars representesi both the reference signal’s frequency and the observed
channel's relationship to it. The reference signal frequency was represented on the
screen by the timing of each new bar’s appearance simultaneously in every chan-
nel’s display, and the displacement of each bar represented the scaled amplitude of
that channel’s signal at that instant in time. It was hypothesized that similar rela-
tionships between channel signals and the reference would produce similar displays.
Likewise, dissimilar relationships would result in distinguishable patterns. The re-
sulting patterns from the low-frequency sinusoids fell into four categories, based on

the signals’ relationship.

6.1.2.1 Patterns of Fundamental Relationship. When the reference chan-
nel and the observed channel were of matching frequencies, the TOPOS display
showed a single, horizontal line in the observed channel. This pattern was a ragged
approximation of the horizontal line if the input signals were not sampled very near
their axis crossings, as was often the case with digitized signals. However, when the
signals differed slightly in frequency, this single-line pattern split into two interlaced
and phase-reversed sinusoids. Exampies of these three patterns appear in Figure 13.

In addition, Figure 14 shows how two signals of slightly differing frequencies result in

the interlaced sinusoids using draw events triggered by reference signal axis crossings.




(A) (8) ©)

Ref: 2 H2 Ref: ~2 Hz Ref: 1 Hz
Ch: 2 H2 Ch: ~2 Hz Ch: ~1 Hz

A TOPOS Display of Fundamental Relationships. Pattern A resulted
from two signals of matching frequency. Pattern B was a ragged ap-
proximation of Pattern A due to the signal’'s matching frequency but
insufficient sampling resolution. Fattern C arose when the two signals
were nearly, but not exactly, the same frequency.

Figure 13.
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A TOPOS Display Point-by-Point. This figure provides insight into
how and why two signals of approximately, but not exactly, the same
frequency produce an interlaced, phase-reversed pattern on the screen.
The reference signal is drawn with a dashes. Vertical lines mark the
refererence signal axis crossings and boxes mark the observed channel
signal’s amplitude at the time of those crossings. These boxes, which
trace the diverging portion of the overall pattern, are what appear on

TOPOS’ display.

Figure 14.
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0.1.2.2 Patterns of Reference Signal Harmonics. Three different pat-
terns also emerged whenever the observed channel’s frequency was an integer mul-
tiple (a harmonic) of the reference frequency. If the channel signal was a perfect
harmonic of any order, the display was a single horizontal line, indistiguishable from
that of the true fundamental frequency relationship. However, if the channel signal’s
frequency was only approximately an odd multiple of the reference, the interlaced
pattern of near-fundamental relationship re-emerged. When, instead, the channel
signal represented only an approximate, even multiple of the reference frequency,
a single sinusoid appeared in that display, with its period inversely related to the
frequency difference between channel and reference signals. These harmonic/near-

harmonic patterns are shown in Fig 15.

(A) (8)
[
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CH7 CH3
Ref: 1 Hz Ref: 1 Hz Ref: ~0.5 Hz
Ch: 2 Hz Ch: -2 Hz Ch: 3Hz

Figure 15. A TOPOS Display of Harmonic Relationships. Pattern A resulted from
a signal channel whick was an exact harmonic of the reference signal. If
the channel signal was a near, but not exact, harmonic and was most
nearly an odd multiple of the reference frequency, Pattern B was dis-
played. Pattern C arose when the channel signal was again off-frequency,
but nearly an even multiple of the reference frequency.

6.1.2.3 Patterns of Reference Signal Subharmonics. Figure 16 presents
another trio of patterns produced when the observed channel's frequency was exact.y
or approximately an integer factor (a subharmonic) of the reference frequency. A
new pattern consisting of three horizontal lines was created by channel signals which

were perfect first-order subharmonics of the reference signal. The sinusoidal pattern
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Ref: 2 Hz Ref: 3 Hz Ref: 2 Hz
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Figure 16. A TOPOS Display of Subharmonic Relationships. Pattern A resulted
from a signal channel which was an exact first-order subharmonic of the
reference signal. If the channel signal was approximately a second or
higher-order subharmonic, Pattern B was displayed. Pattern C arose
when the channel signal was again off-frequency, but nearly a first-order
subharmonic of the reference frequency.

appeared again in the cases when channe! signals were approximate second or higher-
order subharmonics of the reference signal. Another new pattern consisting of four
interlaced sinusoids grouped in two phase-reversed pairs resulted from signals which

were approximate first-order subharmonics.

6.1.2.4 Patterns of Phase Shift. Several test signals in one data set
were of matching frequencies but incorporated varying amounts of phase shift. The
patterns they displayed when referenced to a common signal indicated three cate-
gories of phase shift effects. First, no change in display would result if the original
and shifted waveform’s axis crossings were indistiguishable.! Second, if the origi-
nal signals produced one or more sinusoidal patterns on the screen, the phase shift
caused a corresponding horizontal shift in the displayed pattern. Third, when the
original pattern was one or more horizontal lines, the phase-shifted signal caused a

vertical “spreading” of the pattern, initially increasing the number of horizontal lines

'For example, the amplitude at a specific time sample of a 4-Hz sinusoid after a 90-degree phase
shift does not change from the sample of the original waveform at the same time. This is not the
case, however, with a 3-Hz sinuseid.
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and then increasing the distance hetween them. These last two types of phase-shift

effects are shown in Figure 17.

SERIES A

Ch: 1Hz (45 deg shift

SERIES B HTUTL U

i JIHRUTL
CH6 |CH 13 | IéJl':" l'

Ref: 3Hz -~
Ch: 3 Hz (~40 deqg shift; (~130 deg shift)

Figure 17. A TOPOS Display of Phase Shift. Series A shows the leftward shift in
a sinusoidal pattern caused by the negative phase shifting of one signal.
Series B shows the “spread” that occurs in a linear pattern.

6.1.3 The Ambiguity Problem. In the tests, nine categories of signal fre-
quency relationships presented only five unique pattern types, and no on