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“"Concern for man, himself, and his
fate must always form the chief

interest of all technical endeavor...

e+ Never forget this in the midst of

your dlagrams and equations."

-Albert Einstein
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ABSTRACT

, The influence of galvanic vestibular stimulation

on the percepntion of rotation was investigated. The.
study was intended to lay the groundwork for future, more
detalled study of the galvanic resction. Of particular
interest are possible clinical applicstions in the
treatnent of vertino and the diasnosis of certain
vestibular disorders.

A set of experiments were designed to messure the
gross effects of current intensity and point of application
on a subject's perception of rotstion. An approximate
threshold for the intensity effect was determined.

Among points of application only polarity differences
could be shown to be sisnificant. A tentative linesr
relation between the blas in perception threshold end

the intensity of current was founéd. The galyvanic reaction
of one vestibularly abnormal subject is also discussed.

Comparisons were made between galvanic stimulation
and other common means of vestibulsr stimulation. Current
mathematical models of vestibnlar function were reviewed
and the extension of these models to include the galvanic
reaction was exsanined.

Possible future directions for research in this
area are glso discussed. : v -
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CHAPTER 1

‘INTRODUCTION

Most animals, including man obtsin 1nformétion
about their spotial orientation in severeal waysz visual
cues, proprioceptive and tactile cues and vestibulur
cues. The vestibuler labyrinth, the non-auditory portion
of the inner ear.Aplays e pafticularly lmﬁortant role in
providing this inforﬁation. The vestibular system has
beén studied by alvarlety of researchers for many different
reasons. The physiolozist approaches 1t és he would any
biological organ, the ciinician as ah important sensor
which can and does fa11.~and the bioengineer as a control
system element'ﬁhlch is coupled to other systems in order

to guide the ahimal through 1ts environment.

1.1 ____Backzround

Clinical interest in the vestibular system has alwayé
been hizh. Additional inpetus for vestibular}research has
been provided in recent years by the manned spzce flight
program due to the special orientation difficulties
experienced by man in space. Nevertheless, mﬁéh about thé
vestibular system‘is not fully pndérstood, especlally in
those areas concerning the diagnosis and trestment of

vestibuler disorders,
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Of perticular interest to the clinician and to the

space physiclan are the responses of the vestibular
system to rotation and disorders related to rotation or
to movement. Vertigo, dizziness, snd motion sickness are
familiar problems related to this area of concern.

A number of étimuli have been employed to study the
response of the vestibular system. The most common two
have been rotation and csloric stimulation. The latter
is a common clinical technique in which hot or cold weter
irrigation of the ear produces a response similer to that
obtaiped during rotation.

Using the caloric test, whichtis.discussed in nore
detzil in Chapter 2, the physician is able tq obtain a
good ildea of the functioning of a portion bf the vestibular
system one éar at a time whereas rotaticn stimulstes both
ears. |

Another means of stimulation has been observed to
produce dlsorientation effects similer to those experienced
during rbtaﬁion. It has been known for some time that
direct current passed throush the head 51Ves.fise to a
swaying br rotatory sensation. The galvanlic vestibular
reaction, as thils effect is called, has been studied with
varying interest since the 1800's. The lack of enthusiasm
has apparently resulted from several factors. One is
that the action site of the current is not kXnown exactly
naking it of somewhat questionable value 1nA011nlcal

testing. A second reason is that until comparatively
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recent, counstant current stimulation equipmnent and
preclise response measurement devices werc not re=dily
available./maklnq it difficult to perform repeatable
eiperiments.

‘ Though the action site is not known exactly, it is
currently felt that ealvanic stimuli do not act at the
same points as rotational or czlorle stimuli. Rather the
current is thousht to act closer to the central nervous
system. This suggests that the galvanic stimulus might
be used to distinguish between certain vestibular disorders
end indeed this approach has been tsken by a number of
people with some apparent success. Mést studles have been
rather qualitative however. What seems to have been
leckineg in the past wes an attempt to establish quenti-
tatively the éffects of current intensity and polerity
on subjrctive sensations of rotation and on eye movements.

Ir quantitative measures of response were avsilable

and if the action site of the stimulus were well understood,
the galvenic reaction might be of definite value as a
glinical diégnostic test. Quanéitative knowledze of the
effects mizht also make galvenic stimulus useful aos a
treatnent for such disdrders as vertigo. For exanmple, o
certaln current intensity mizht be shown to cause a sensstion
similar to that experienced during a specified anzular
stimulus of during vertizgo. A patient with vertigo
night then receive a galvanic stimulus of proper polerity

in an attempt to cancel his dizziness sensation(In Chapter
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3 will be noted thaﬁ reversing polerity generally
reverses the effect of a gelvanic stimulus).

A number of questlions must be enswered before such

a treatment could be used however.

1.2 Scope of Thesié

This thééis i1s intended to 1ay<the groundwork for a
future more detalled study of the malvenic vestibular
reaction. Past work on vestibular response to rotationsal,
caloric and gelvanic stimull is reviewed. Similerities
in rotational and galvsnic reaétions are discussed.

A group of experiments were designed to study the
gross effects of vestibular stimulation on the perception
of rotation. Both voluntery subject response and eye
movements were studied. The primary objective of the
experiments was to determine whether gelvenic stimulation
can indeed bilas the threshold for rotation sensstion.
Secondary related objectives were to determine which
intensity levels and modes (electrode locetiouns), if any,
1nf1ueﬁced the results;. Aléo.‘if a threshold blas could
be found, some‘quantitatlve measure of the cause-effect

relationship would be soucht.

1.3 Results

" The experimental results indicate that it 1is possible
to blas the threshold for rotational pefception in a
predictable msnner. Further substantistion was also

gilven to the bellefl that a certain constant biés or
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dircctional preponderance is present in so cailed normal
subjects without the celvenic stimulus. Polarity of the
stimulus was found to have a significant influence on the
- results bearing out past findinqs. For a given polarity
however, no significant differences ;n response could . be
found between the varilous standardAelectrode modes (see
Chapter 3 for a discussion of these modes).

A threshold for current intensity effect wés found to
bevbetween 400 and 800ua. Using this information end
the observed bias in perception, a probgble plot of biss
in bérceptlon vs current intensity was drawn. On the
same basisg, a first hypothesis of how to add the gelvanic
reaction‘to existing vestibulér control theory models is
hypothesized.

The work performed elso suggested a nunber of futﬁre

directions for the research.

1.4 " Outline of the Thesis

The theslis ;s arranged as follows:t

'Chapter 2 reviewé thé ahatomy and physioloqy‘of
the vestibuiar stystem with emphasis on rotaﬁion Sensiﬁg
mechanisns., Teohniques.for vestibular study ere discussed
as are current mathematical models of vestibular response
includiné phe caloric reaction.

Cﬁapter 3 outlines the history of research into
the galvgnic’ﬁestlbuler reactlon end discusses the various
types of tests which can bc run in order to study the

reaction in a gross sense. An sttempt is made to organize
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what 1is presehtly considered to'ﬁe the nature of the
reaction.

The experimentsl method used to study the gross
influence of galvenic stimulation on the perception of
rotstion 1is the subject of Chepter 4 and Chapter 5
discusses ﬁhe results of these expefiménts.

'Chapter 6 presents the conclusions and gives
suggestidns for further research.

The Appendices contain discussions and listings of

the computer orograms used for data anelysis.



CualTER 2

THE ANATOMY AND PHYSIOLOGY OF THE

VESTIBULAR SYSTEM

Tbe vestibular system, the non-auditory portion of
the inner ear, enables an aninal to sense its motion and
verticality withArespect‘to its environment. So baslic is
the vestibular system that in lower animals, its proper
function 1s essentlial for the malntenance of 1life. Higher
anlﬁals, including man, experience difficulty maintaining
orientation if vestlbular functioﬁ is lost, but afe
partially able to compensate for the loss by using other
cues such as vision; .

This chapter discusses the strdcture and fuhctlon of
the human vestibular system with particular emphasls on
the features which ‘enable it to sense angular accelerations.
Meaﬁs of studylng vestibular resvonse to rotation sre
discussed and current mathematicel models of tﬁis resnonse

are reviewed briefly.

2.1 Location and Gross Structure of the Labyrintr}%2%29

The paired vestibuler system is contalined within the
temporal bone of the skull in a cavity known as the bony
labyrinth. Figure 2.1 shows the approximate locetion of

both and the structure of the .vestibular apparatus.
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A portion of tne labyrinth consists of the cochlesa,

an organ of hesring. The vestibuler System 1s connected
tb the cochlea aﬁd occupies the remainder of the cavity.
Each side of the system 1s composed of an utricle, a
saccule, and three semicircular cenals.

| The utricle and saccule are located between the
cochlea and the semiclircular cenals in an area known as
the vestibule. Each has a structure called the maculse
which is fixed with respect to the labyrinth. In the
maculae are imbedded sensory hair cells with several
types of innervation. The hairs extendinz from these
cells support a}gelatinous mass containing calcium carbonate
crystels known as the otolith. Surrounding the otoliths
in the utricle and saccule is a fiuid called endoiymph
which serves as a damping medium.

Motion of the otoliths with respectvto thelr maculee
stimulates the hair cells and 1nducés & linear motion
sensation. The utricle is thoucht to sense linesr
accelerations omnidirectionally. Thus 1t 1s sensitive
to the acceleration due to gravity. |

| The function of the saccule is not clear end spme
researchers feel it may be more an auditory than a
vestibular orzan. The utricles are not. of primary importance
in rotationel sensation.

Continuous with the utricle aﬁd ssccule are the
three semicircular cenals whose function is to sense

angular accelerations. Each resembles a flexible toroid
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with an enlarzed portion at one end. ' The flexible toroid,
known as the membranous canal, 1é enclosed 1n.a second
morc rigmid toroid called the bony cenal.(See Fisure 2.1)
The membraﬁous cansl contains‘endolymph while the space
betveen the inner end outer toroid contaiﬁs another

fluid known as perilvmph, | |

The enlerged end of each toroid is the ampuila. The
ampulla contains a zelatinous, flapper type valve colled
the cupula.(See insert, Ficure 2.1) The cupule is
atteched to a ralsed srea of the inner wall of the
ampulla, the cristae. %he free end of the cupula 1is in
close contact with the ampulla wall. The latter is fixed
by connective tissue to the skull and may be considered
stationary with respect to the head.

When an anguler acceleration is 1lmparted to}the head,
the endolymph‘lags behind the canal due to inertia and
causes a deflection of(the cupulae. Hair cells within
the cristae receive this deflection informetion and
translate it into nerve impulses.

| The heir ceils in the'cristaé.are direction specific,
i.e. they are able to distinzguish the direction 6f cupula
deflection. These halrs are <rouped in bundles known as
stereocilia. At one side of each bundle }s a single
stiff hair, the kinocilium. Deflections of the cupula
toward the ¥Xinocllium cause an increase in the discharce
rate of the nerves in the sensory cells. Deflections

in the opposite direction cause 8 decrease in this
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discharge rate. Ewald first described this phenomenon

in the cat and it is often known by his name.21

The fact that there are three seanicircular éanals in
each labyrinth suzgests that anzular accelerations about
the three prlncipalvaxes of the body are esch sensed by
a seperate caﬁal. With the heed held erect however, none
of the canals iles exactly in one of the principal planes.
Coupling between the three canals 1s thus to be expected
though ;t is not of great consequence.

The corresponding canals on each side also act as
pairs in most situatlions. This action has an especlally

inportant role in the conjuzated eye movements experienced

when the head 1s turned.

1

2.2 Centrzl Nervous Systenm ConnectionslS’32

- Flgure 2.2 shows thg principal central nervous system
connections of the vestibular system. . The various nerve
fibers and nuclei appéar on both sides of the brain stemn,
For clarity, the filoure shows only those of the left side,

The cell bodles of the sensory neurons of the cristae
and macﬁlae are found in the vestibular ganglion. The
nerves teruinate in the ipsileteral(same side) vestibular
nuclel and in the cerebellum. From the vestibular nuclel,
fibers descend in the vestibulo-spinsl trasct as shown
and also in thé lower portion of the medial longitudinal
fasciculus(not shown). The vestibulo-spinal tfact plays
an important role in postural reflexes and 1inh muscle

tone. Some of the descending medial longitudinel fascliculus
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Dorsal view of’the brain stem showing the
principal vestibular pathways (15)
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fibers are thought to reach the visceral motor nuclel

thereby effecting the nausea, voﬁiting, and other symptons

of excessive vestibular stimulation such as motlion sickness.
The upper portion of the medial longitudinal fasciculus

contains fibers passing from the vestibular nuclel to the

abducens, trbchlear, and oculomotor ﬁuclel and to the cere--

bral cortex via the thalemus. The latter connection is

probably responsible for consclous sensation of motion. The

three nucleil to which the fibers pass are responsible for the

control of eye movements.

2.3 Vestibular-Oculomotor Connections 21

If one fixates on some object while turning one's head,
compensatory eye movements (i.e. opposite to the direction of
head movemént) are necessary in order to keep the object in
view. These movements depend on a sensation of head motion
which 1s gilven to a large extent by ‘the vestibular apparatus.

Eyé movements’are produced by three pairs of nuscles,
the lateral and medial recti, the superior and inferior
recti, and the superilor and inferior oblique as shown in
Figure 2.3. The arrows in the figure represent the approx- *
1maté eye novements effected by each muscle. All of the
muscles except the lateral rectus and the Superior oblique
are contrblled by the oculomotor nucleus (see Figure 2.2 and
the discussion in the last section). The trochlear nucleus
controls the superior oblique muscle while the abducens
nucleus controls the latereal rectus. |

30
It has been shown by Szentdgothal, Cohen, and others,
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and reported by Peters that electrical stimulation of a

single empullary nerve of one of the semicircular canals of
the cat producesIcompensatoryfmovements in both eyes similar
to those observed during rotation.?'1 As Figure 2.2 indicates,
there are connections between each set of vestibular nucleil
and both the 1psilatefa1 and contralateral nuclei controlling
eye motion. Stimulation of the horizontal canals, which is
of the most interest in thils thesls, causes compensatory eye
movements about the yaw (vertical) axis of the head. These
movements are determined primerily by the medial and lateral
rectl but, as with all eye motion, are modified somewhat by
the states of the other extraocular muscles. Several authors
havé sfudied the varlous connections between the semi-~
circulaer canals and these muscles;' Peters has summarized
the results of these studies?l
Szentagothal has also studied the neural connections

between the utricles and the oculoméfor system and has
developed a theory of the possible pathways. These are also
reviewved by'Peters but are probably not of consequence in
.the'presentbwork howrever.z:'l '

'Eye movements are thus. a direct external indication of
vestibular functlion and are of great interest in most

vestlbulaer research.

2.4 ~ Techniques for Vestibuler Study

A number of techniques are employed to study vestibular
response. These may generally be distingulshed either by the

type of stimulus used or by the form of response obtained.
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Several of the mpst popular methéds are reviewed below.
These and other methods are discussed in detail in the
literature. The galvanic test is discussed separately
in Chapter 3. ' o

In what 1s sometimes called a subjective test, a
subject 1s pleced in a darkened Barany chair (a device
which rotestes about the yaw axis) and & random input of
zero mean and known frequency content is applied to the
chair's drive motor?l The subject indicates by préssing
a;button or a "joy" stick the direction and/or magnitude
of his motion. A "normal" subject 1s able to detect most
motions above some threshold, but will génerally not have
a zero mean response. Mirchandanl recently employed this
techﬁique to study directional preponderance.Aa condition
1q which a subject 1s more sensitive to movements in one
direction than the opposlte?o He found that even clinically
“"normal" subjects dlsp? yed at least slizht directional
preponderénce. ¢ |

The subjective test cen be run about the other two axes
also but certain additlonal complicatineg factors relating
to otolith function enter to a greater extent than about the
yaw axis. Meiry, 1in particular, has conducted extensive
experimenté of this sort about the roll axis.

The Berany chair or a similar device may be emvloyed
in a more objective test of vestibular response. Such

a test emvloye eye movenents as dlscussed ebove as an

21
objective indication of vestlbular state. Thus Af a
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subject 1s placed in a darkened chair and ziven a test

input, either sinusoidz2l or randowm rotation or a transient
such as a step or remp, and his eye movements are monltored,
a good indicetion can be hed of vestibuler "output,"
rlathematical models of this input-output relation can

then be hypothesized. Several of these models are

discussed below.

2.5 Eye lMovement Monitoring 23o?9.38

Several techniques are presently in use to record
eye movenments. '

One is the electro-oculogram or E.0:G. which is a
measure of the differential corneo-retinal potentisl.
Surface electrodes near the corners of the eyes sense
these potentials which chenge as the eyes move. The
electrodes also pick up muscle nolse, however,'and are
subject to drift. '

High speed movlies of the eyé have also been employed
in experiments but these do not yileld an analog output
and are not readily useful for dats analysis. |
| The technique used in the experiments deécribed in
this thesls measures the difference in lizht reflected
from the irls and the sclera. An infrared source and
two photoelectric cells are mounted on a standerd eye
glass frame. The electronics are battery'operated and
are mounted in a separate cese. The frame 1is mounted
with relative eésé and adjustment is simple. The unit

tends to irritate most subjects if left on for more then
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about thirty minutes. due to the dryine effect of the

infrared source on the eye. Also the resolution (%t}o)
end the linearity (f15°) are inadequate for some
experiﬂents.l ‘

These techhiques.are discussed in detall in several

of the references.

2.6 1 The Caloric Test 1“’27’?9

A common clinical technigue for déterminlng‘
vestibular condition is the caloric test. 1In this test,
the external suditory ceanal is irrigated with a‘fluid
wh;ch is‘sllghtly above or below ambient body temperature.
Barény and others state that this irrigation sets up a
convectlion current in éhe endolynph. This current in
turn causes displacément of the cupule resulting in
rotational sensation and nystazmus eye-movemenﬁs. Thé
intensity of the response depends upon subject threshold,
the temperature of the irrigeting fluid, and certain
other factors. The test is relatively simple to
administer and requires the least equipment of the techniqgues

Mentloned. It is perhaps the most widely used vestibular

test.

2.7 Control lodels of Vestibular Besponse19’21'29'39

Consideréble effort has been devoted to mathematical
formulations of vestibuler response, mostly for the semi-
circular canals. Such models are useful in describing

vestibular function and in predlctin@ labyrinth response
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to various input stimull including rotation. 1In
particular, such models have helped to explain the
threshold; edaptation, and hablituastion phenomena
éssociated.with the canals., These phenomena are of
interest in studieé of rotation perception and will be

discussed at the end of this seection.

2.7.1 The cupvla model
The baslc response of the semicirculsr csnzls to
motion inputs 1is usuvally deemed:analogous to that of a
demped torsion pendulum, en analogy first proposed by
Steinhausen in 1931. Hathenatically, this response is
expressed, for a sinele semicircular canal as:
10 + Bo + KO = I : (2.1)
where |
I = moment of inertla 6f the eﬁdolymph about the
| sensitive axis of the csanal
BI=~v1écous danping torque of endoiymbh with respect
to the skull at unit anzular veloclty
K = stiffness, or torque per unit angular dgflection
-of cupula with resbect to the skull
@ = angular deflection of curula with respect to the
skull
o< = input angular acceleration about the sensitive
axis of the canal
This equation 1s often expressed in the Laplace domain as

(82 + Bg + K) 6 =o¢ (2.2)
1 I
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It is also gencrally sssumed thet the visions- torque is

much greater thaen the elastic torgue, i.e. . % >> % .
With this zssumption, eguation 2.2 becomes: ,
, _9_ _ 1 » - (2.3)
< (s + K) (s + B)
B I

Typical values for the time constants B/K and I are
’ B

B = 10 seconds I = 0.1 seconds
K o : B

These constants and other useful 1£formation are obteined
ih the following manner. First, taking the inverse
Laplace transform end using the fact that K < B

the followinz time relationship is obtaineg foi a veloclity

" step input, Y,
: : -K -B,

onylleB=eT] - (28
B .
Also for a unlt acceleration step input,®,one finds
-Kt/B ~-Bt/I .
P g 1o KEe -1, )] (2.3)
B K B .

Ifitis noted that the exponential e"K/Bt dominates equetion

2.4 1t may finally be written as:

"'Kt o
O myl, B (2.6)
B
Taking the logsrithm of this expressioﬁ,.one has:
In 6 = InyIl - Kt (2.7)
B B

A plot of 1n © versus t has the slope X and thus
B

- determines this constant. The determinstion of I/B

involves a slizhtly different technigue which 1is

21
discussed in the literature.
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2.7.2 Perception Thresholds

A nunber of useful results are obtained Af equation
2.7 is solved for t to yleld

K 0B .

If 0 in equation 2.8 is taken to be the threshold cupula
deflection(i.e. the minimum deflection for which a sensation
of rotation occurs), then t may be interpreted es the

time from stimulus onset to the end of rotztion sensation.

te = 2 1n-z%11 (2.9

n

Thus 2.8 becomes

Now suppose a stimulus of exactly threshold 1ntehsity
is epplied. The time from stimulus onset to cessation of
. sensation is thens0. Taking t, = 0 in 2.9, we can then

solve for 6 min to get:

~ Omin = %Xmln ' (2.10)

Valves of @ min for subjective and nyst=gmus responses
to velocity step inputs cen be estimated from fisure 2.4.
This is done by looking at the value for the velocity
ét zero ordinste for the two cﬁpulograms shown fhere.
Xmin is found to be 2.7 deg/sec.for subjective response
and 9 deg/sec for nystagmus. Assuming a value of 0.1 sec
for I/B, © min is found to be 0.27 dexrees snd 0.9 degrees
respectively.

It can also be shown that thczthreshold of anguler

1

acceleration sensation is given by

< min = Smin o (2:11)
17K -
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where for the nominal velues of K and I given above

I/K = 1 sec?®. Thus approximate valuesBof0<m1n are
casily found to be .

X min = 0.27 deg/sec® for subjective sensaﬁlon

OC in = 0.9 deg/sec?® for nystesgmus

These'values of acceleretion perception thresholds

are in rather gobd sgreenent with the experimentsl results
of a number of researchers%21As mizht be expected, values
for nystagmnus response are generally much cloéer to the
nominal value above, reflecting the objective nature of
nystagmus‘studies. Subjective response 1is much more

dependent on individual differences &nd hence ylelds a

lerger experimentel data spread.

2.7.3 Latency

In some 1nstanCes,_§hé simple measure of threshold
stimulus intensity may not be adequate to describe
rotational perception. Low intensity stimull mey, if
applied for a suffidient peridd of time, result in rerceived
motion. The period of time requlred in such a circumstence
is termed the l1lstency. Indeed, every stimulus intensity
has a cértain letency period associated with it. The
latency concept has a direct parallel, chronaxis, in
galvenic stimuietion studies which will be discussed in
Chapter 3.

In order to obtain an'analytic expression for latency
times for enculer acceleration perception, one besins

with eguation 2.5, noting once egein that I/B<<B/K.
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With the letter sssumptlion equation, 2.5 becomes

0 = o¢ %(1 - e-Kt/B) (2.12)
Letting 6 = € min and solving for t ylelds
I .
t =B1ln % I (2.13)
K T - '
1 K~ Omin

or the latency time as a function of< ., An approximate
plot of 2.13 1s shown in figure 2.5 with 6,4, = 0.25 des.
Experimental data often revesls much lower thresholds
when sufficient time is allowed for responsé%l St1l1 2.13

is useful for describing letency.

2.7.4 BResponse decline withfProlonged or Repeatgd
Stimulation |

If stimulation of the semicircular canals continues
at é constent lével for sn extended period(more then
several seconds) the sensation of anguler velocity
gradually decresses and eventually disappears. This
phenomenon éan be understood if one remembers that the
cupula is deflected due to the inertia of the_endolymph'u
in the senicirculer cansls. With a prolonged constant
spimulus. the curula is able to returnlto its rest position.
Fiogure 2.6 shows the &ﬁproéimate canal response when a
term of the form s/(s + 0.033) is sdded to eguetion 2.3.39
This tefm. which 1s sometines called an edaptation,
brings the response to spproximztely below the threshold

in thirty seconds &s shown in the fizgure.

Repeated applicatlion of the same or similer stimulus
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also results in response decline. This decline, which

manifests 1tself in hicher thresholds end incrersed retio
of sdaptation, is most noticeable in pilots =2nd others

who undergo resulaer intense vestibular stimulation.

2:7¢5 Caloric Stimulation Model

Steer has proposed a model for caloric stimulation
based on theoretical considerations esnd actual caloric
test results. It is outlined briefly here. For further
29

1nf0rmation. the reader 1s referred to Steer's thesis.

The model, in the Laplace domein, 1is given by:

Oc(s) _ 20K7/T1 Tp T3 cos g (2.14)
Tfs) (s+l ) (s+l ) (s+l )
T3 T2 T3
where
Oc(s) = cupular displacement due to csloric stimulus
T(s) = temperature et tympenic membrane
T = thermal lag (~25 sec)
T2 = B/K = 10 sec
T3 = B/I = 0.1 sec
¢ = angle between plane of thermal gradient
and the perpendiculer to the gravity vector
KTk = gystem gain

Equation 2.14 may be written as

e 1 ' :
'?‘fs'( 'TLS = Z%Li”f”[(o.mm(wsm]- (2.15)

where the term in brackets 1s recognized as the model,
just described, of cupule responce to angular stimulil.
The celoric model therefore provides & useful comparison

of caloric a2nd. rotetional responses.
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2.7.6 : Subjective Ferception Modellg'21
It i1s interestinz in the present work to consider
a model of subjective perception of the semicircular
canals. The model is expressed as

Op(s) B/I s , | (2.16)
By(s) ~ (s + K (s+ B) ,

where

ép(s) =‘Subject1ve Ferception of angulat velocity

61(8) = Input anzular velocity |

Typical values of the constents are B/I = 10 and
K/B = 0.12. |

. This model is obtained by performing the "subjective"

test discussed in section 2.4. A Bode plot of the model
is shown in figure 2.7. Note thaf over the renge w = 0.1
to w = 10 rad/second the model indicates subjective

perception to be that of anzuler velocity.

2.8 Comments on Vestibular }Models

It must be emphasized that mathematical models of
any physlolozical response are only useful conceptual
tools. 'They are seldom, if ever, totally accurate
descriptions of the underlyinz phvsiolocical events.
The models discussed in the last sectlion must be viewed

in that 1light,
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CHAFTER §

THE GALVANIC VESTIBUILAR REACTION

It has been recognized for sowe 150 yeafs that
passing a direct current between the mastoid processes
brings about one or several responses similer to those
characteristic of vestibulaer stimulation. The use of
D.C.(galvanic) stimulation in dlsgnosis gnd treatment
of certain vestibular disorders hess been succested with
varying enthusiasm since that time.

This chapter reviews the pest research into the
galvanic vestibulsr reaction, discusses the verious
reported responses, especially those.related to thg
’sensation of rotation, and outlines the methods for

conducting galvanic stimuletion tests.

L,27

3.1 Action Site of the Stimulus ©
| Shapiro and others report that Jan Ferkinje sbout

1820 found thazat an electric current passed throuch the

head causcd vertico. It was recognized by Hitzig in

1871 thet such a current also eliclited eye movements.

Breur later noted such & current also stimulated the
vestibular system in some menner. A number of persons
since have described a variety of effects on the vestibuler

system and oculomotor respounse due to gelvenic stimulstion.
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Améng the reported reactions are:.deviations of the eyecs
toward the enode, n&stagmus with fast phase component
toward the cat;ode, tilting of the body and/or head
toward the anbde depending on whether the subject is
sitting or staﬁding, and subjective sensation of
movenment, especially rotation.

The degrée‘and dire§tion of these responses are
felt to depend, at least qualitetively, on the polerity,
points of aprplication and intensity of the galvenic
stimulus. Of particular interest in clinical work has
bedn the point of action éf the stimulus.

Baraeny postulated that a cathodic séimulus on fhe
mastoid brocess increased the catelectrotonus(sensitivity
to negative electrical current) in the vestibuler nerve
thus increasing its excitability. Anodic stlmulatidn.
he felt, had a depressing effect on excitatign. Bruning
opposed thils theory; arguing thét nerves could only be
stimulated by alternating current, end postulated thsat
galvanic current acted directly on the vestibuler receptor
organs; Hennebert felt that both the vestibular and
auditofy recebtors were affected. .

The Bruning theory held that the galvenic current
caused an electrokinetic flow in the endol#mph of the
semicirculer canals. Such 2 flow wouvld be somewhat
analagous to the flow due to & thermal gradient set up

by caloric stimulation as discussed in Chapter 2.
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Most evidence is in support'of Barany's theory,
however. Marx plugéed the semicircuvlar canals of gulnea
pigs and still obtazined a "normal" D.C. resctlion. He
obtained similar reactions if he destroyed the semioirculaf
caneals or»the entire labyrinth. Neumann and others
found clinicai”cases where patients had no caloric or
‘rotational responses but did react to zalvenic stimulation.
Steinheusen was able to demonstrate in experiments with
a pike(fish) that the cupula was not deflected due to a
galvenic current.

Other resesrchers, 1nc1uding Splegal and Scala?
have severed the 8th crenial(vestibuler énd ecoustic)
nerve and observed the disaprearance of gelvanic r-sronse.
Pfaltz and Koiche have reported that brainstém lesions which
do not ellcit spontaneous nystegmus appear to have little
or no influence on a petient's galvanic reaction.

On the basls of the evidence above, it would thus
appear that thé peripheral vestibular neuron is the
action site of the galvanicAstimulus. ﬁetailed study
of this or other sites on a system level is hindered
by a number of factors: difference in conductivity of
various tlssves, unknown current distributions, changes
in current level, end polarlzation.lu |

Some resesrchers, including Spiegel??feel that
within the vestibulat neuron, it is vorincipslly the

fibers from the meculae(see Chapter 2) which sre sffected

by melvanic currfent. They voint to such indications ss
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eye rolling and hesd inclination és evidence. Also,
using the double galvanic test, ﬁhich is discussed
below, Splegal and Scala were able to decrease tonlc
impulses to the forelegs in decerebrate cats by using
anodic stimulation.z6 Cathodic stimulation increased
muscle tonus thus suzgesting a sort éf modulating influence
by the galvanic stimulus. ”

"~ The final enswer to the point'of action of galvanio

vestibular stimulation will probably not be avallable

for some time.

3.2 Differinz Besponse to Anodic end Csthodic

Stimulstion

The differences in response observed for anodic
and cathodic stimuli have had several explanations.
Those theories mentioned above, Barany's of electrotonus,
and Splegal's of action on the flbers from the maculae,
are of a qualitative nature. Another theory, first
proposed by Wilson and Fike, 1s sometimes called the
quantitive explanatlon?é This theory holds that the
Qestibular nerve has two types of endinzs. One‘type
was considered highly sensitive to anodic stimulus and
responsible for eye movements toward the side of the .
anode. A second, more numerous, but less seunslitive
type of fiber wes felt to respond to cathodic stimulus
and to cause contralateral eye movements.

The correctness of any of these theories has yet to

be established conclusively, but the idea of a qualitative
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difference in the two polsaritics has had the most interest,

3.3 Methods of Stimnlation 14,27

There are several types of galvenic tests which
" may be performed. The simplest are of the unipolar end
bipolar varietles. |

In the unipolar test, the stimulsting electrode 1is
placed on elther the tragus or mastoild snd an indifferent
electrode is placed on eilther the forehead or the back
of the neck. Bipolar stimulation employs electrodes
on both tragi or mastold processes so that current
passes directly throuzh the head. In both tests, the
ctathode i1s designated as the stimulating electrode.

Another possible test which 1s a combination of the
two above is the double zalvanic method. In this test,
electrodes are placed on both mastolds or in the meati
of the ear as in the bipolar test. Both electrodes
are connected to the stimulus current. An indifferent
electrode 1is placéd on the neck, forchead, or abdomen.
This method 1is less specific than the former two.
| Pulsed current, which Splegal calls rhythmic stimulation,
has also been shown to bring about nystagmus at pulse
frequenclies of less than 10 per second. This is not,
strictly speaking, galvanic stimulation since it 1s not
a constant stimulus.

A number of interesting items can be learned with
the aid of a différent type of technique known as the

chronaxia tést. A general measure of neural threshold,
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chrohaxia compéres a stendard curfent intensity acting
on a specific nerve.with the time required for'that
current to travel the lensgth of the nerve. Thelintenslty
of direct current which will just traverse a nerve given
an infiniﬁe amount of time is termed a rheobase; In the
standard chronaxia test, a current of two rheobase
magnitude is applied and the passegé time 1s noted. The
time is called the chronaxia for the nerve. The measure-
ment of the response in the case of galvanic Véstibular
stimulation is thé tine from application of currént
until head movement or eye deviation occurs(with errors
which cen be partially accounted for). |

Chronaxia is relatively constant between individuals
for a given nerve. The reported values for chronaxia
for the vestibular nerve vary conslderably, however,
from about one millisecond to well over ten millisecondé.
This 1s probably due to difference in experinental

techniques.

3,4 Associated Eye Movements

| The eye movements associated with =alvanlc vestibuler
stimuiation have a nuanber of charecteristics. One is

a ghift in mean eye position away from stralzht ahead
toward the side of the anode. Also, beyond a certain
ylntenS1ty threshold, which nay vary with mode(anatomical
location of electrodes), nystagmus is elicited with fast
phase toward the cathode. As mentionea above,’Splegal27

hypothesizes that the anode hass a depressor action on
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tonlic labyrinthine impulses. He feels nystagmus may
result from an inbzlance in the two vestibular nuclel
as a conseqﬁenoe of thls depressor effect.

Ruis and Garclia have elso noted slow eye movements
of a drift nature preteding the onset of nystegmus and
at e lower current threshold?5 These movements appesy
to be é type of onset phenomenon snd disappear with
repeated stimulus even if nystagaus persists. They did
not use a constant stimulus but instead employed 20
millisecond pulses of from 5-70 volts at a frequency
of 5 pulses/second.

The movements are biphasic with a fast first phase
iastlng about 1-2 seconds. The vertical component. was
found to be larger than the horizontel component. For
long duration pulses, nystsgmus wes observed but only
after the initlal biphasic period. Incressed stimulus

amplitude shortened the nystagrnus latency time.

3.5 Eve iovement Monitorine durine Gelvanlc

2,3

Stinmvlation

A comment on the monitoring of eye movements during
galvenlc stimulation 1s of interest. A number of
reseerchers have employed electro~ocﬁlography(see Chapter
2) in such experiments and most report thet the galvenic
current severely alters the corneo'retlnal potential in
one or seversal ways. All sugeest that the photoelectric
technigue or other which will not be directly influenced

by the D.C. current bc used in measuring eye movements



36

durinz galvanic stimuletion.

3,6 : Other Responses

In addition to eye moveument, hesd inclinstion snd
body sway have been wsed as objectlve measures of response
to galvanic Vestibular stimulation. Both of these
phenomenon normally exhibit, when present, an inclination
toward the side of the body on which the znode is located.
They are probably msnifestations of the stimulus modulation
of tonic impulses to the body musculeture as Splegal
denonstrated in the experiment mentioned zbove. Splegal
also reports that the falling tendency may occur at lower
current levels than necessary to elicit nystagmus.

Blonder reports using a version of the falling
reaction as a stendard measure of gzalvenic response in

14,27
clinical tests.

3.7 Subjective Sensations

Subqective sensations as a result of galvanic
stinulation are often difficult to interpret. Subjects
report sensations of sway, both side ways and frqnt ot
beck, dizziness, and rotation. Also, 2bove some threshold
current (which varies with subject), & tingling sensation
is experienced under the electrodes with strongest
sensation under the cathode.

The nature of the subjective sensation may be
releted to subject experience and adabtation. For this

recason, it may be well to group 211 such sensations
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under the admittedly vapzue heeding of disorientation.

Malcik has employed a binaural D.C. stimulation
of 3 ma. to 350 pilots in order to simulete 1llusions
such as swsy or rotation experienced durincg flight.
His subjects Wére agsked to fly an instrument flicht
simulstor while under the influence of this current.
He reports that all experienced 111ﬁsory sensstions to
some degree. Those subjects with more instrunent
experience were able to compensste for the illusions
more readlly than those with lizited instrument
practice. Ferformance also improved for all subjects
as habituation developed for the galvasnic stimulus.
Sinée the eyes were fixsted on instruments, no noticesble

nystagnus was observed.

3.8 Low Frequency Sinusocidal Stimulation10'11012o13

In recent years, Dzendolet and his essoclates have
studied the effects of sinusoidal gelvenic stinmvletion
on body swey and subjective sensetion. The.stimulus
was applied binsurally at the mastold processes of-
blindfolded standing subjects. Eight stimulus -
frequencies tanzing from 0.030 - 4.0 cps were presented
in random order. The stimulus zmplitude wes increased
continuously on each run starting from 0 ma. and
increasineg st a constsnt rate of 0.0050 ma/second.
Objective and subjective resvonses were determined
including thresholds. A plot of the latter 1is shown

in ficure 3.1 It is interestins to note the relstive
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difference in threshold between subjective sensation

and objective response. (The latter is determined from
body éway. the former by subject indication) At low
frequenclies, the objective response threshold is feirly
constant at a stimulus of iOQ/xa and incresses to about
uOQ/La at 4 cps. Subjective thresholds are all
consider~bly hizher verving fron 509/4& to 1.4 ma over
the frequencies used..

The subjective thresholds agree rather well with
those reported sbove for D,c. stlmulatién. The objective
values e#re considerably lower. The difference in the type
of stimulus is undoubtedly a factor in these differences.

| Subject sway was found to be proportional to the
frequency of the input stimulus. Keported subject
sensestion veried considerzably: oscillation of head
and torso, osclillleting sidewsys end back and forth,
and a few instences of vertiszo. Thése are conslistent
with those repcrted above for direct curfehf stimalation.

An interesting sidelizht to this work with possible
clinicél apolicztions 1s ss follows. These resesrchers
ﬁoted that the sinusoldel galvanlic stimulus is compereble
in some w2y to the factors cesusing motion sickness(i.e.
slowly oscilletinz ship or sutomobile).

In perticulaer, they find a lowered objective threshold
for sinusolidal stimulation at a fréquency of 0.2 cps.

(See figures 3.1 and 3.2) They report the findings
of other resesrchers of a high incldence of motlon sickness

phenomnena(nauvsea, voriting, ctc.) at frequencies near
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this value. Qhen they adninistered dramamine;‘a comnnon
entinmotion sickness drug, the threshold at 0.2 c¢cps was
raised considerably as shown in fizure 3.2. This may
indicete that the drug ects on the same site 16 galvanlc
stinulation as in motlon sickness, thoush no conclusive
evidence exlsts on the actual site in either instance.

Whether there is eny signifanée to this compsarison
is yet to'be substantiated. It is nevertheless an

interesting observation.

3.9 Summery

, This chapter has reviewed the nature and point of
.action of the galvanic vestibuler reaction. At present,
no final answer 1is avallaeble concérning'the actidn site
of the stimulvs though evidence generally polints to the
peripheral sensory nerve.

Cathodic and anodic stimulil bring sbout different
quelitetive resronses with those at the anode apperently
more significant. E&e devietion end/or nystagmus ere
usually elicited by the stimvlus sbove & certsin intensity
ievel.. Nystagmus, when rresent, has 1ts fast phese

directed toward the side of the csthode.
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CHAPTER A&

DESCRIFTION OF EXPERIMENTAL JMETHOD

This chapter'discusses the exrerimentzl procedures
used to study the influence of «elvenic vestibuler

stimulation on the rerception of rotation.

h.1 The Basic Experiment

The intent of this reseerch was fo study, in a

gqualitative menner, the relationships between modes
of application and intensities of galvenic stimulil and
a subjects' perception of rotation. Thus an experiment
wes souzht which world employ both rotatory and =zslvenic
stimull edministered independently of one snother.

| The experiment which was used consisted of the
following. The subject wsas plgced in a derkened EBereny
chalr eand a éero meen randon 1nput was applied to the
chair. The subject wes provided with a three state
controller and was given the task of countering any
senssetions of motion which he experienced. That is if
he felt he was moving to the richt he should press his
controller to the left until he no lonzer sensed motlon
end so on. Assiming that thé rendom sienal indeecd has
2 zero mean and thet the subject hes no directionsl

preponderance, one would expect, theoreticelly, that




the subject would counter any motion ebove his threshold
and thet the chair would not move more than slichtly
away from the reference position.

If a galvenlc stimulus 1s eprlied to the subject
together with the random inpit to the chalr, one would
expect the subjects' motion sensstion to be altered
in some mgnner(On the basls of the discussion in Chspter
3). This approsch wes adapted with the postuleste that
the malvsnic stimulus would bilas the threshold for rotation
perception. The meesure of resronse wovld be the devietion
of the chalr\positlon over the course qf a run.

The experiment thus places the subject in an active
role as opposed to the passive role of the similar
experiment described in Chepter 2. The three state
controller was enmployed since it appeared important that
the subject respond only io & sensetion of motion in the
clockwise direction and not to the magnitude as he mieht
were a graded controller such as a joy stick used. |

The average subject would not be expected to
differentiaté between various ty#és of engular movenent,
Hence, the subject's were only asked to counter motién.
end not, sey, velocity or accelerations which might be

vague concepts for some subjects.

Ancular accelerations are kept relaﬁively small with
these conditions thus no large cupula deflectlions or

extended resctions to any ziven stimulus ere to be expected.
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Each subject was to be run with esch of the six
possible modes, uniboler rizht cgthode and right anode,
unipoler left csthode and left anode, and birolesr left
cathode e&nd right cethode and st six different intensity
levels. The latter number was not conpletely arbitrary
but releted to the overell exrerimental design which
will be discussed in the next sectlon.

The lowest intensity level was chosen at 100«a |
pertially due to Dzendolet's reported objective threshold
for low frequency sinusoidal vestibulsr stimulation es
discussed in Chapter 2.128ucceésive intensity values
were doubled up to 2 meximum of 3 ma. in.order to cover
as wide a ranzge as possible and stiil remein within
pain and safety levels.

In addition to six runs with combined rotationsl
and gelvanic stimulus, two control runs, one et the
beginning and the other at the énd of the session were added
to ne%e a totel of eight runs per subject. The cOntrols
were added not only to determine the normal response
without current but slso to.discoven if possible, any oVera11
effect on this norm after the combined experiments.

Eye movements were to be monitored in addition to
the subjective resronse in an attempt to obtein an

involuntary messure of response.

L,2 Experimental Desien 6,18

Once the basic experiment wes decided upon, a

sultable experimental design was required in order to
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study e number of different variébles in a systenstic
wey. A deslgn was souzht which would incorporste all of
the following features: 1.) all six possible modes of
unipolar snd biroler sgslvenic stimﬁlation, 2.) a number
of different intensity levels, 3.) yleld as much
Information as possible about effects of galvanic stimulus,
L,) employ as few subjects s possible, 5.) baleanced for
the elimination of'order effects.

Since there were six possible modes, it was decided
arbitrarily to use six intensity levels in the experiments
as mentioned above. If each such were run gt every mode
and intensity, however, thirty-six.runs per subject
would have been required to include £11 of the possible
combinations. In order to reduce the number of runs
required per subject end in order to achleve the
randomness of apnlicatioﬁ desired, a slightly modified
form of the graeco-letin square experimentsal desisn wves
enployed. 6,18

The greeco-latin squete 1sﬂan extension of the
latin sduare design. An examplé of a 6#6 iétin squere
is shown in fisure 4.1. The rows represent subjects,
the colﬁmns represent the order of experimentel runs,
-and the letters entered in each position reprecsent six
experimental conditions, in this cese representing the
six modes of galvanic stimulation. E~ch letter appeers
only once in esch row esnd eesch column. In addition, no

letter preceeds or follows any other letter more than
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A B Cc D E

B D A F c

c A E B F

D F B E A

E c F. A D

F E D c B
Figure 4.1

Completely orthogonal 6X6 Latin Square




Subject Number

L7

Bun Nuaber

, 1 2 3 L 5 6
1 { AU BV cx DY EZ  FW
2 BZ DV AV FU cY EX
3 C2Z AW EY BX FV DU
4 DZ FY By EV AX cu
5 EW cv FZ AY DX ‘BU
6 FX EU DV Cw BY AZ
Key
Intensitles Modes
U = 100«a A = Unipolar Right Cathode
V. = 20042 B = Unipolar Richt Anode
W = 400«a C = Unipolar Left Cathode
X = 80Qu«a D = Unipolar Left Anode
Y = 1.6ma E = Bipolar Left Cathode
Z = F = Bipolar Right Cathode

3+0na

Figure 4.2

Graeco-latin Square used in experimnental design.
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once in the square. An array sucﬁ es this 1s seid to be
completely orthogonelized, which .means precticelly that
8ll the elements are 1ndependent. (Another way of viewing
this is to conslder the six letters to be unit vectors
in a six dimensionsal vector spsce. If any row or column
is considered a six dimensionsl vector then its inner
product with eny other row or cblumn will = 0 implying
orthoronality in the mathematical sense.)

A greeco-lztin square is composed of lstin squares
imposed one upon the other end ellows the introduction

of a second set of conditions into an exreriment with a

fixed number of subjects gnd runs. In the ideal case,

each of the two latin souares would be orthozonal with
reépect to 1ltself and with respect to the other square.

The letter property would reguire thet no pair of conditions,

. one from each latin squesre, would apprear more thsn once

~in the graeco-latin square.

The greeco-~latin square used in this thesis is shown
in figure 4.2. The letters_A—F represent the modes and
the letters U-Z represent six intensity levels. The
dimension of the sguare was restrained at 6x6 by the
modes &8s mentioned sbove. This restraint introduced a
s8light difficulty however. Euler and othofs heve shown 1t
to be impossible to construct a completely orthogonal
graeco-latin square with no repetitions of conditions in

all rows and columns.,
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If two completely orthoconal 6x6 lstin squsres are

imposed one upon the other, & repetition will always
occur in some entry.(e.g. the combination BU representing
mode B and intensity U or e similzar combinstion wouvld
appeser more then once in the square) A repétition of
conditions 1is not desirsble since easch combinstion of
mode end intensity should be present once in the series
of experiments.

- The solution to this difficulty lies in relaxing
the orthogonelity condition on one of the squeres. In
order to accomplish this an assumption was made that the
modes, in genersl, were likely to have a grester effect
on the results than the intensities. (This ascumption
was based on findings reported in the literature and es
discussed in Chapter 3). On this premise, the modes were
made completely orthogonél in a letin square corresponding
to figure 4.1. | |

The intensity conditions were then added over this
square in such a way that no mode~1ntensity pair was
repeated and‘that the square of.ihfensiﬁiés'was as.nearl&
orthogonel as possible. As shown in figure 4,2, the
1ntensitiesbincrease in megnitude as theilr code letters
in the sguare were 2lso balanced so that the sum of the
current given to all subjects as a whole on the first
three runs wes approximately equal to the total ovér-the
last three runs. This was done to avold a trend in the

eaptlication of current over all subjects. With these
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provisions, the desirn wag thoen cﬁnnidnrrd to be entircly
rendom for the purpése of later dete ennlysis.

The graeco-latin squere lends itself will to varience
anelysis as will be noted in Chapter 5. Other experimentsl
designssuch as balanced incomplete blocks were considered
but were reJectéd since they spveared to offer no a2dventsges

over the graeco-latin square for this study.

L.3 Description of Eguipment

This section describes the equipment used to rotsate,
galvenically stimulate and to monitor the responses of

the subjects durinz the experiments described sbove.

4.3.1 ‘Rotatinz Chair

The lMan Vehicle Laboratory's rotating chair wsas
employed to provide enguler motion stimuletion ebout the
vertical axis. It is driven by two 15 ft.-1b. torque
motors controlled from & pulse width nédulated_servo
system. Detells on the cheir may be found in Katz's
thesis].'6 The comrand sisnsl consisted of the sum of a
zero mean pseudo-random input and the subjects' response
stick. The random si~nal was obtained by suﬁmiﬁq seven
sinusolds of freguencies rengine from 0.1 to 0.61 radisns/
second and recorded on magnetic tepe. The <eoin of the
sienal wes edjusted es shown in figure 4.7 so that the
maximum amplitude deviation caused the chair to_move
540 degrees away from a zero reference position with é

150 pound subject in the chalr.
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In order to bounter any motion sensation due to either
the random input or‘the qanvanic.stimulus. the subject
wes provided a three state‘controller which he opersted
with his right hand. With this controller, the subject
was able to apply a step inout to the servo system so as
to cause the chair to ﬁove elther CW dr CCW. In the
middle position, the switch h=ed no effect on chair
movement. The amplitude of the step wes ed justed so that,
in the ebsence of the rendom input, it caused a step
chanze in chair position of 540 dearees. ‘

Chair position wes monitored with 2 20K potentiometer
ettached through gecgrs to the eyis of cheir rotation.
This potentiometer produces an output of 0.1 volt/radian
of chalr movement which 1s scesled so that 0.2% Volté = 360

desrees(2n radisns).

4,3.2 Galvenic Stimulétion Equipmeht

Galvanic stimulation wes epplied throuch two specielly
desicened circuler electrodes aprroximetely one 1nch71n
dismeter affixed to the subjects' msstoid processes.
A diserem of one of these electrodes is shown in fioure
L.3, A 19yér of wetted gauze impresgnated with é]ectrodc
paste wes included in the electrode in order to avolid
metal to skxin contact end to obtain a relstively uniform
current distribution. The two electrodes were mounted
on a standerd headbsand. | | |

A so czlled indifferent electrode consisting of a

2 inch by 3 inch gauvze pad wes placed on the back of the
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subject's neck and held in plsce with surzical tape. This

electrode wss used és the common,iﬁ unipoler tests.,

All three contact areas on the subject were treated
with electrode psste before the runs in an effort to
achieve a nominal inter-electrode D.C. resistance of
2-3K ohms.

The positioning of the three'eiectrodes on the
subject is shown in fisure 4.4. Ficure 4.5 shows a
schenztic for the stimulus circuitry. D.C. current was
obtained from an Electronics for Life Sclences Constsnt
Current Stimuletor Model CCS-lA. This stimulstor is
battery powered and hss a maximun output.capacity of
10 ma. at 90 volts. Switching was provided between the
stimulator and the elctrodes in order to select cither
bipdlar or right or left unlipolsr connectlilons. Folarity
reversal 1s aécompllshed at the stimulstor, thus allowing
.for all six possible modes as outlined esrlier.

The maximum current to be used wes 3 ma., hence the
stimuletor was fused at 5 ma. The subject was eble to
disconhect the galvanic‘stiﬁulus at eny time during the'
experiment by depressihg a “"panic" button with his left
hand. Pressing this button also rang a bell to alert
the experimenter to the subjecf's dlfficulfv.

A 20K poteﬁtiometer was added as shown in fligure
k.5 to allow graduel apnlication of current during an
experimental run because at higher 1ntensities particulariy.

a step input in current is often discomforting to the subject.
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Current was monitored by measurinz the voltage
across a 1K ohm resistor in series with the stimulation

circuit.. The measuring circuit had a flosting ground in

order to lsolate the subjecct from possible ground loops.

h.3.3 Eye lMovement Monitoring

Subject eye movewments were monitored using s Blometrics
model SG& HV - 2 photoelectric eye monitor, the operat;on
of which was discussed in Chapter 2. The positioning of
the monitor on the subject is shown in fieure 4.6. In
order to calibrate the instrument, the following procedure
was enployed. A white screen with three small black
crosses drawn upon it was pleced in the subject's line
of sizht in the rotsting chzair. The crosses were arranged
so that one was directly ahead of the subject and the
other two were 15 degrees to either side of this central
point. With 211 1lights out, as durinsz the experihent,
the screen is invisible. A very dim licht, under subject
control, was used to me%e the screen barely visible
quring calibration. With this licht on the. subject was
asked to loo% straizht, right, and left. The gain of the
monitor waé ad justed so th=t 20 dezrees of horizontal eye
movenent = 1 volt. At the conclusion of the celibration,
the subject turned off the licht and wss allowed to adapt
to the darkness. The calibration was checked at the end

of esch run for possible drift or other chansges.
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4.4 Selection of Subjects

| Six subjects, five males and one femsle, were used

in the experimental design described above. Each of the
subjects underwent a standsrd clinical vestibular examninstion
in the Otoneurology Laboratory at the Massachusetts Eye .
and Ezr Infirmary. All were judged normsl tests for
the purposes of this experiment. One showed & slizht left
directlonal prepondersnce but the amount was not consldered
extreme hence he was retalned.

In addition to the normel subjects, one femzle subject
with no vestibular function was run. Her clinical
condition was described as neurofibromnatosis and she

had had & billateral acoustic neuromas removed surzically.

h,s Experimental Frotocol

Approximately one and one half hours were required
to run each subject, including epproximately one h21f hour
of subject and equlipment prepszsration.

Subject preparation consisted of mounting the electrodes,
checking inter-electrode resistances, calibration of the
»éurrent monitor, mounting and calibration of the eye
moveinent monitor and general instructions.

The general instructions were consistent from subject
to subject and included instructions for the cye movement
celibration. A copy of these instructions is «iven in
‘table 4.1.

A total of einmht runs per subjlect were made. These

were an lnitial COntrol run, siv ruhs with current, and a
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1. The chair may rotate. Your job is to stop the move-
ment of the chair by pressing the switch with your right
hand, Pushing down the switch on the rizht will nake
the chalr turn right; pushing down on the left will make
it move left. 1In the center position, there is no effect
on chair movemant. (demonstrate) Sq if you feel the chair
is standing 5til1l, do not press the switch. If you feel
it 1s turning to the right for example you push the left
slde of the switch until you feel the turning has stopped
and then release the switch. (demonstrate)

2. Keep your eyes looking stralght ahead and do not move
your head.

3. You may feel a tingling sensation under the electrodes at
times, It will not be painful-just disregard 1it.

L, If you need help, push the a2larm button. (demonstrate)

5. (Eye Movement Monitor Calibration) On the card in front of
you there are three crosses, one at the center, one to your
right, and one to your left. When you are asked to look
streight ahead, look at the center cross. ILook to the
right, straight, or left on command and continue to look
at the cross until the next command.

We will reneat this when the room is dark. There 1s a snmall
panel light which will allow you to see the crosses. When
we have finished with this, turn the light off. (show-
subject the location of the light switch)

6. Now we will run the chair as before but with the curtains

closed and the lights out. Be 8ure to keep your eyes open
looking straight ahead. '

Table 4.1

Instructions to subjects prior to experimental
runs.
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final control run. _The modes and ;ntensities for the

galvanic stimulation runs were determined from the
experinental desizn énd were set manually before each
run. Each of the eisght runs lasted slizhtly more than
two minutes w;th a five minute rest perlod between runs,
the latter to reduce the chance of resldual effects.
During the six runs with galvanic stimulus, the chair
motors were started first and the current was then
irmmediately applied by turning the 1ntensity potentio-
meter up(the 20 K potentiometer is shown in flqgre L.s).

No atteinpt was made to eliminste subject avdlo cues.
Amblent noise level during the evperlments was fa2irly
hizh due to the chair torque motor hum and to a small
exhaust fen in the chair. The nolse level was deemed
high enough to prevent any siznificent eudlo cues of
motion.

Much has been made of the effecé of subject'arousal
state on the quality of eye movements elicited during-
vestibular experiment.? It was felt initially that the
subject‘s task wouvld mesintain a hizh enouzh arousal lévelA
.for this purpose. This may not hsve been the'cése in the
experiments. Some discussion is =ziven in the next

chapter.

4.6 Data Records

Data for each experimental run was recorded on an
eizht channel Precision Instrument lnstrumentation

recorder model P.S.200A, Five channels of enalog data
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were recorded as shown 1in flqure'h.B. These included
1.) chair position, 2.) cye position, 3.) rendom inout
to the chair, 4.) subject's stick control and 5.)
stinmulating current. The data was simulteneously
recorded on a four-channel Brush chaft recorder model
240. The random input and subject sfick control were
combined in order to display all data grephiczlly on
the four channels.

The current monitor channel is not shown in ficure
4,8 due to space 11mitations. The galvanlc stimulus
consisted of unipolar left snode et an intensity of
1-6 ma. Note the right beating nystesgmus(towsrd the
cethode) and the leftwerd drift of the chair as the
experiment progresses end the subject's use of risht
control almost exclusively.

It 1s also noted that the chai? returns toward
zero near the end of the run. This occurence was
observed in a number of runs but the cause 1s not
clear. It might be an indicastion of cessation or
re?ersal of the malvanlc Stimulué.éffect but this has

not been substéntlated.
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CHAFTER 5

EXPERINENTAL RESULTS

This chapter presents the resuits of the experiments
performed in Chapter 4. The data analysis techniques are
presented first followed by a discussion of the chair
movement data. This 1s followed by a discussion of the eye
movement data and the chapter éoncludes with some brief

comments on the responses of the one abnormal subject tested.

5,1 Data Analysis

The experiments described 1nAChapter L produced two
types of data: eye position and chaif position'versus tine
for each two minute:run. In order to éstimate the average
drift away from the zero reference position, 1t was decided
to calcﬁlate tbe mean value of chailr position_and of
cumulative slow phase eye positlion over each run. The latter
ﬁés used since it represents total amplitude of eye devietion

during the experimentel run.

5.1.1 Method for Determination of.Cumulétive Slow Phase
Eye Position
Cumulative slow phase position was obteined from the
original eye data by processing with the hybrid program,

MITNYS. This program removes saccades and blinks which may
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be present in the raw eye position signal and pleces the
slow phase portions of the record together to form a
continuous cumulative position signal. MITNYS was originally
developed for use in on-line vestibular experiments and is
discussed in detail elsewhere?l It is also discussed

briefly in appendix B which also.presents a block diagram

and a listing of the progran.

5.1.2 Determination of Statistics of the Data

The mean, varlance, and standard deviation for chalr
position and cumulstlive slow phase eye position for each run
were calculeted using the hybrid progrem, MAN, which is
described in appendix C.

The mean value of position for each run with current
was then entered in its respective location in the graeco-
latin square used in the experimental design. Mean values
for the control runs were also calculated and added in their
respective locatlons at the bezinninz and end of each subject's
data set. These results are siven in table 5.1 for chair
data and table 5.2 for eye data. All entries represent
éngular positicn measured in degrees. The tables also show
the daté rearranged according to modes and intensitics of
the galvanic stimulus (recall thet these two parameter groups

were randomized in the original graeco-latin square).
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Order

1| 213 62 168 235 <150 225 65 | 138
2 -95 231 26 37 77 167 95 | -235
3] 193| 180 175 182 = 51 143 153 | 211
b| =17 -9 13 - ko k9 ?7 84
5| =10 2% 179 =296 36 -172 115 77
6 -2 | =108 22 =21 192 157 =308 6
Modes
A B c D E F
ul 62 115 7 153, 22 77
LVl 37 168 179 -21 4o 143
=Wl 175 4 192 26 74 65
§ x| 49 5. 235 -172 95 =108
g Y| 36 157 167 -150 182 13
Zz|-308 231 180 -9 225 -296

Table 5.1

Raw mean chair position deta arranesed according

to subjects vs. order and intensities vs. modes
(Orders 0 end 7 revresent control runs. All entries
are expressed in degrees)
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-Order

1 | -263 -zél -20 56 =75 226 -88| =39
2 -22 88 77 -63 12 112 -82 | -199
3 ko | 323 13 90 76 43 «59 | 180
.§t+ 18 53 =124 164 83 51 55 90
% 5 351 | 343 311 -199 41 =340 213 | 427
6 7 48 1% 78 =21 13 =66 | -197
Modes
A B c D E F

Ul -221 213 55 =59 14 12
0wV -63 =20 311 78 83 43
O W 13 164 =21 77 343 ~88

o]

w

§x 41 76 56 =340  -82 L8
Sy 41 13 112 =75 90 -124

A -66 88 323 53 226 ~199

Table 5.2

Baw mean eye position data arrancged according

to subjects vs. order and intensities vs. modes
(Orders 0 end 7 represent control runs. All entriles
are expressed in degrees)
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5.1.3 Tests for Signlflcance.of Various Parameters
In order to determine which.of the parameter zroups

among subjects, order, modes, and intensities had significant.
influence on the data, a. standard analysis of variance was
performed. The analysis of variance is common technique for
studying experimental data and 1is prébably familliar to most
readers. In brief, it involves operations on a set of data
in such a way as to independently estimate the variance of
each of the pasrameter groups ccntributing to the data,
A residual variance 1is also estimated.

This term represents

the variance of random error contributions. The residual

variance is assumed to be unbiased by differences among the
parameters. | | |

To test for possible siznificence of any parameter group,
a null hypothesis 1s 1lntoduced. This hypotheis assumes that
each parameter 1s normally distribu?ed and that all parameter
group means sre identicel. The variance estimate of each
parameter group 1s then compared with the residual varience
estimete. If the ratio of the two estimates is swall (more
acéurately. below & certalﬁ F levei, to be discussed bélow)
then the null hypot@esis holds indicating the perameter group
_beinz tested was not & significant fector in the dsta.
If the variance ratio is large however, the null hypothesis
must be rejected. This leads to the conclusion that the

mean of the perameter group being tested does differ signifi-

cantly from the means of the other groups. Thus, this group

is concluded to have & significent influence on the results.
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The significance level of the variance retio, VR, is
determnined with the aid of the so-cslled F distribution.
This distribution is a function of the degrees of freedom of
the parameter group and of the residual. It"is commonly
tabulated in statistical hsndbooks according to various
probabllity of occurence levels. One has then only to decide
how large a chance for error he will allow in establishing
significance. The table of F.for this probability level will
then indicate the varience restio-.required for the given
degrees of freedom of the psrameter and the residugl. The
.05 probabllity level is often used in experiments such as
the present one and was chosen as the standard here.

The graeco-latin square lends itself well to an analysis
of varlance study. Two computer programs, ANVAR ahd'ANVABZ,
were written to perform thls analysls on the experimentsal
data. The two programs are identical except that ANVARZ takes
into account the control runs while ANVAR does not. Both
programs ere discussed in appendix D.

If the analysis of variance indicetes that s certain
paremeter group has g significanf influence on the results;
one would then like to know where differences lie within
the group. A student "t" test may be used for this
purpose.

The "t" test compares the differences between two
means with a standard error term derived from the residual
varlance found in the enalysis of variance and also

dependinc upon the numnber of samples in each of the two
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means being tested. The standsrd errorrterm is often
called the error varlance znd the latter term is used
here.

The ratio of differences 1ﬁ mean to error verience
yields a "t" vaslue. Values of "t" are tabulated according
to dezrees of freedom of the residual and the percentage
probability of occurence. For sieniflcance, the ratio
in the test must equal or exceed the value of t for the
two parameters of the table. .05 15 often the standard
for the latter.

Two straightforward programs, T TEST and T TEST2,
were written to perform the student "t" on the experimentai
date. They are identical except that T TEST2 makes
provisions for control runs while T TEST does not. The
two programs are described in Appendix E.

| Detalls on the theory of the enalysis of varience

6,18
end the student "“t" test may be found in the references.'

8.2 Analysis of Chair Fosition Data

Using the analysis of variance methods discussed
~above, the chair position data shown in Table 5.1 was
studied. Table 5.3 gives the results of performing the
analysls of verisnce on thls data without consideration
of control runs. The data, as it esppeers in the graeco-
latin square, is st the top of the table, the veriance
table is in the middle, and the means for each subject,
mode, end intensity are at the bottom. Below the table,

the error variance is printed out for. possibleuse in a



: Order

o © 62= 168= 235=- 15@0= 225= 65

£ = 231l=  26= 37=  T7= 167= 95

O = 188= 175= 182= S1= 143= 153

P = 13= 4=  4@=  49= 7

5 = 4= 179=- 296= 36=~ 172= 115

0 =~ 1p8= 22=- 21= 192= 157=- 308
SOURCE DF SS VE
MODES -5 = 194547.68 = 38909.50
INTENSITIES 5 = 38393.30 = 7678+65
SUBJECTS 5 = 139206.00 = 27841.20
ORDER S = 35478.90 =  7095.78 -
RESIDUAL 15 = 218361.00 = 1455740
TOTAL 35 = 625986.00

“ Mean Responses
SUBJECTS MODES INTENSITIES

l= 100.8 A = 8.5 U = 72.7

2= 165.5 B= 121.6 V= 91.0

2 = 147.3 C= 160.0 W = 89.3

= 17.3 D T 2808 X = 2500
5=- 107 E= 106.3 Y = 675
6 == 11.0 F=- 17.7 2= 3.8
" 'ERROR VARIANCE=  69.66
‘Table 5.3
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" Analysis of Varisnce of Raw Chair Position Data
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"t" test.

The varience rétio for each psremeter group is listed
in the variance table under the heading, VBE. Each
parameter group h=s five denrees ofvfreedom. The value
of F required at 0.95 level for these dezrees of freedon
is 2.90. It is'seen that none of veriance retlos equeal
or exceed this velue, hence no conciusion can be drawn
concernlhg significence.

It 1s useful to note the low value of VR obtained
for order. Recall that the graeco-latln sguere was
employed to reduce the effects’on the results of order
of presentztion of the stimulli. .A low Vﬁ value for order
indicates the desizgn has been successful in achleving
the goal.

It is slso useful to note that the VR velue for
modes is closest to the required F level. In an attempt
to enhance the effects of the modes, & correction of the
data to account for subject differences was mede. This
was aeccomplished by adding to esch subject's data the
difference between the overall mean and that subject's
mean. For exemple, the overall mean of the 36 data
enﬁrieé was 58 degreeé and the meen of subject 1 1is
found from Table 5.3 to be 100.8 degrees. .The difference
between the two values is 58-100.8 & -~ 43 degrees. If =43
dégrccs is added to each data point from subject 1, the
mean of his data willl become cqual to the oversll mesan,

eliminatinz the effect of his nesn response from the dsta set.
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This proéedure was repeacted for gach of the six
subjects. An analysis of varisnce was then run on the
corrected deta. The results are given in Table 5.4. Note
thet the velue of VR for sﬁbjects has dropped elmost to |
zero(it is not exactly zero due to round-off error).

Also the VR velue for modes 1s now 3.01. which 1is above
the required F level of 2.90. The VR for order has not
chanzed appreciebly.

Since the modes &re now shown to be significent, s
t test may be conducted to determine where the actual
differences lie. Such a test wss conducted using the
T\TEST program. The results are shown in Table 5.5.

Mode 1 is found to differ significsently from mode 3,

2 from 4, 3 from 4, and 3 from 6(Note modes 1,4 and 6
correspond to A,D end F; 2,3, end § to B,C end E in the
experimental design). In each of these four cases,

the difference occurs between an enodic end a cathodlic
mode. No differences are found between modes of the sane
polarity. |

It may also be noted that the means for the anodic
~ modes heve lerge positive velues(121, 172, 107) while.
the cesthodic modes have smaller wmagnitude and tend to
the negstive direction(9, -28, -1?5.. This result appears
at first to be in agreement with the discussion in Chapter
3 where the anode was reported to have & greater effect
than the cathode. If one considers the control runs,

however, thls result is not as clear,
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Order

= 19= 125= 192=-

4‘2 = {89=- 16=- 5=
©= 9l= 86= 93=-

“«y = 32= 4= 4S=

S = 143= 248=- 227=

M =- 39= 91=  48=

SOURCE . DF $S

MODES 5 = 208809.00
INTENSITIES 5 = A4B952.20
'SUBJECTS 5 = 670.22
ORDER 5 = 31136.90
RESIDUAL 15 = 2p8239.00
TOTAL 35 = 489807.00

l“ '

1

93=
35=
38=
8g1=

182= 22
125= 53
54= 64
96G= 115

105=~ 1083= 184

2

6=

]

1

Mean Besponses
INTENSITIES

SUBJECTS "~ MODES

1= 57.8A¢= 9.3

2 = 63.5B= 121.8

2 = 58.3 C = 172.0

= 695 D e 28.0

5 = 583 E = 1872

6 = 58.0 F =~ 16+8
ERROR VARIANCE= és¢93

Table 5.4

Analysis of Variance of Chalr Data Corrected for

Subject Differences

U
v
0}
X

Y
Z

gonon o ounou

226=-~ 239
-VE
41761.80
819044

134.04

© 6227.38 -

1388260

8447
91.8
9@ .2
25.8
68.3

4e7

{]

i

n

1}

VR
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T TEST

ERROR VARIANCE= 68.03 T(P=0.05)= 2.13

MODES INTENSITIES

= 1.0 = 9.3 = 847
= 2.0 = 121.8 = 91.8
= 3.9 = 172.0 = 90.2
= e == 2840 = 25.8
= Se0 = 107.2 = _6803
= 66 == 168 = 467
M= 1 M= 3 T= 2439
M= 2 M= 4 T= 2.20
M= 3 M= 4 T= 294
M= 3 M= 6 T= 2¢78%

Table 5.5

"t" Test on Chair Data Corrected for
Subject Differences .
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The control run means arc bofh 47 desrees. The meen
of ell six mode resﬁonses teken together 1is 61 degrees.
The proximity of these two vzlues suzgests that en inherent
blas may be present in the experiment, either due to the
equipment or to subject response. If such a biss indeed
exists, then correction of the mode mesns for it would
make the megnitude of anodic and csthodic responses
approximstely equal. One would then conclude that enodic
and cathodic stimulus produce approximstely the s2me
megnitude of effect.

It was slso desired to learn if sny of the intensities
were significant., The VR value for 1ntehsities in both
of the above enalysis wes small however. In order to
enhance the intensity effects, the original data wes
corrected for differences between modes. This‘corfection
was made in a menner similer to that for the subjects
above except thzt the overall mesn wes not used. Hence
the mesn of each mode after the correction would be » zero.

A difflculty arises here due to the fact that three
modes are of one polarity end the other three of the
opposite polarity. In order to truly eliminate the mode
effects the polarity differences must also be accounted
for. This is esccomplished by correcting fdr the expected
effects of either the anodic or the cethodic modes? The
anodes were chosen arbitrarily snd the corrections mede
by chencing the signs of 211 data obtained during anocdic

stimulation. (modes B,C,and E). The data then corresponds



53=~
110=
20=
20=
32=~
9=

Tunnounn
t

Subjects

SOURCE DF
MODES 5
INTENSITIES 5
SUBJECTS 5
ORDER 5
RESIDUAL 15

TOTAL 35

=
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1

SUBJECTS

377
12,0
19.8
712
6445
638

NN
nououonoun

ERROR VARIANCE=

HEHOQW >

Order
fTl== TS==- 12]l== [19= 83
55= 28= 95=- 7= i1
66==- 1T76= 70= 161l==- 182
31= 117= 66= 40= 153
19==- 278=  27=~ 143=- 6
84= == (32=- J36=~ 317
SS VE VR
3942.00 - 788 .40 -
209004.00 = 41800.90 =
8756570 = 17513.10 =
37815630 = 756307 =
97029.70 = 6468 .65
42747300

Mean Responses
MODES INTENSITIES

93.5
328
TGe2
= 31.2
- 30.3
- 13703

R QNS
e o o [ ) L L]
WWHLeW!
NHKXE<
wuwonuomnoau

muwuuuan

46« 44

“Table 5.6

Analysis of Variance of Chalr Data Corrected for
Mode Differenccs-no controls

Pel2

646

271

117



T TEST

ERROR VARIANCE= 46444 T(P=0.05)= 2.13

M@DES INTENSITIES

= 1.0 = @5 = 9345
= 2.0 == 2.0 = 3208
= 3.0 = G0 = 702
= 4.0 = B2 = - 31.2
= Se} =~ @e3 =« 303
= 6.0 = B.3 == 1373
S= 1 S= 4 T= 2.69
5= 1 S§= 5 T= 2.67
S= 1 S= 6 T= 497
S= 2 = 6 = _3067
S= 3 5= 4 T= 2.18
S= 3 S= 5 T= 2.17
S= 3 = 6 = 447
S= 4 = 6 T= 2.29
S= 5 S= 6 T=  2.31%

Table 5.7

"t Tegt of Chalr Datae Corrected for
Mode Differences-no control
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to that which hlght be expected had 211 cathodic stimulil

been used. (Since the mode mesns have been forced to
zero, it makes no difference whether anodic or cathodic
modes ere changed.)

The corrected dsta was procﬁqséd ﬁlth the enelysis of
variance progrem with the results ziven in Table 5.6.

VeRe of the modes 1s now ~ zero and subject and order
V.R.'s are not sionificant. The VR of the intensities
has now become 6.46 however, well ebove the required
2.90. Thus & "t" test is justified for the intensity
date in this form. The results of this test are glven
in Table 5.7.

| The "t" test revesls that intensities 1, 2, snd 3
(U, V, and W in the original notation) do not differ from
one another but that 211 differ with one or more of the
intensities 4, 5, snd 6(X, Y, AR Intenoitieo bk and 5
do not differ from one snother but both differ from
intensity.b. ,

Sone results were obtained 1f the control were also
taken into consideration in this case. These results
obtained with the ANVAR 2 and T TEST 2 programs are
given in Tables 5.8 end 5.9. Again the anslysis of
variance finds the intensities to be sienificent. Due
to an 1ncreaée_in error vsrisnce, the t test(with 23
degrees of freedom in the residual) indicstes differences
only between each of the lower three intensitles and

intensity 6. (Notes The effect of addins the controls
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HMode Differences-with control runs

Order
0 1 2 T3 k4 5
1 166 53 =47 =75 -121 =-119
2 =142 -110 55 28 95 -7
w 3 146 20 166 =76 70 161
a .
§21+ -64 20 31 117 66 40
0
a5 =57 32 =19 =278 27 =143
6 =49 ~90 84 B -32  -36
SOURCE  DF SS - VE
MODES 7 == T17.19° == 1902.46 =
INTENSITIES 5 = 211136.00 = 42227.16 =
. SUBJECTS 5 = 97310.20 = 19462.00 =
ORDER 7 = 41040.10 = 5862.88 =
RESIDUAL = 23 = 278269.08 = 1200 8.60
“TOTAL 47 = 627037.00
, Mean Responses
~ Subjects Modes " Intensities
= 3.88 =- G50 = 93.50
= - U4« B0 =~ 2.00 = 32.83
= 53.63 = . B.00 = 7017
= 50.00 = Gel7 == 31.17
=- 5175 == 0e33 == 30.33
== 48.88 = 033 ==  137.33%
Error Variance = 63.51
Table 5,8

83
11
-182

153

-317

VR

91
-282
164
37
30
i1
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T TEST

ERROR VARIANCE= 6351 T(P=0.05)= 2.07

MODES INTENSITIES
= B0 = Be? = Q.0
= 1.9 S Beb5 = 93.5
= 2.0 =e- 2.0 = 32.8
= 3.0 = D0 = ‘10.2
= LoD = B2 = - 31.2
= 5.0 =S Ge3 S 303
= 6.0 = B3 =~ 137.3
= 700 = 607 = g'@
S= 1 S= 6 T=  3.64
S= 2 S= 6 = 2.68
S= 3 S= 6 T= 3.27%

Table 5.9

[l

gt Test of Chalr Deta Corrected for
Mode Differences-with control runs
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could be predicted from thelorlginal considerations of
the enalysis of varisnce. One purpose of the control
runs 1s to establish a subject norm and posslble‘order
effects over the course of sn experiment. Thus their
addition to the analysis of vorlence would be expected
to decrease sukject end order effects. At the same time,
they add to the overall sum of squares which in turn

- increases the residuel term. Thus all V.R. values are
generally'lower and the error varlience for use in the "t"
test becomes larger.)

The results with and without control both strongly
suggest that the lower three intensities used in the
experiments lle at or below the threshold for the galvanic
reaction under the ziven experimental conditions. The
everage of the means of these three intensities is 66
dezrees which is close to the value of 47 de«rees obteined
for the control runs. These two vslues and the velue
obtained for the overall mean of the modes sbove are
all approximately the same, thus further substantiating
the indication that an 1nherent blas wss present in the
experiment.

The verlious results above may be summarized as
followst Significant differences were found between
anodic end cethodic mode effects, with anodic stimulil
seeningly prodvoing lsrger effects. If control runs gere
taken into account, the effects of the two mode types

become neerly egual. Intensities below the 809Aa level,
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appear to heve no effect on the résults with responses
being approximately the sene as for the control runs.
At intensity levels at and sbove 800 a siznificent effects
were spparent. A threshold for cuvrrent effect between
400 a2nd 800 a was thus suzzested. A plot of these results
is shown in Fizure 5.1. | ' |

The plot shows the apparent biés below the threshold
of the current effect. The biess is chosen somewhat
arbitrarily at 47 degrees, the mean of the control runs.
The means of the three intensities below threshold are
shown scattered sbout this velue. The threshold is also
set somewhat arbitrarily at GOQﬂa. A least mean squared
iinear plot is then made throuszh this point and the three
intensity means above threshold. The line wés forced

to pass throuzh the 609«3 roint.

5,3 Anslysis of Eye Position Date

The mezn cumulaﬁive slow phase eye position dsta
from the experiments 1is given in Table 5.2, This data
was processed with the ANVAR program and tﬁe results are
shown Ain Table 5.10. The F value required for siesnificance
is agaih 2,90, None of the veriance rstios equals or
surpasses the value though, as in thg raw cheir position
date, the VR for modes is highest at 2.13. Corrections
similar to those used to enhance the chair dates were
employed on the eye data 5ut felled to improve the
significance of eny of the pzremeter croups. Thus no

definite conclusicmis may be drawn concernine the influence
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Order

w == 28l=- 2p= 56=-
O = 88= 77=- 63=
= 323= 13= 9p=

o= 53=~ 124= 164=
&= 843= 31l1=- 199=

= 48= 14= 78=-

SOURCE DF SS

MODES 5 = 237156.00
INTENSITIES § = 67200.20
SUBJECTS 5 = 40046460
ORDER 5 = 44T7T40.90
RES1DUAL 15 = 334277.00
TOTAL 35 = 723421.00

Mean Responses

75=
12=
76=
g3=
41=
2l=

[}

n

u

226=~
112=-
43=
41=
- 340=
13=-
VE
47431.20
13440410
8009.31
8948417

22285.20

SUBJECTS MODES INTENSITIES

l=- 20.3 A=~ 42.5 U
2= 24.0 B = 89.0 V
g = 81.0 C = 139.3 W

= 4503 D=" 4443 X
5= 6l1.5 E= 112.3 Y
6‘: 11.0 F—’:' 51.3 2

ERROR VARIANCE= 8619

Table 5.10

Analysis of Variance of Raw

{12 O T 1 S N 1}
'

2.3
72.0
81.3
335

9.5
70.8

88
g2
59
55
213
66

L]

VR

Eye Position Data

2.13
De60
D36

Bedd
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of the exberimental conditions on eye movements.

One interesting observation can be mede on the eye
data however. The modes had the hichest VR and a comperison
of the means of each mode with the corresponding meesns in
the chalr data anslysis certain similarities can be
noted. All rizht cathodic modes have negetive mean
responses while 211 rizght anodic modes hsve positive
mean responses. In addition, the anodic effects have
larger magnltudes then the cathodic as in the chair
data. This sugqeéts that a similar net effect due to
modes 1s beinz observed in both chalr and eye movement
data.

The peculiarities of the experimental scheme may
well have resked the eye movement data. Only relstively
low angular accelerations were present which would neturally
decrease eye deviestions due to rotation. Eyé drift(other
than‘that due to the calvanic stimulus) may have decreased
the ability to measure the devistions due to the current.
It is possible that a fixation point might aid this
latter problem.

Despite the inability to find siqnificancé in the
eye movement data, the results nevertheless appear to be
in definite pattern. Additional exveriments would,
therefore, seem warrented to further uncover the effects

6f the current on eye movements,
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5.4 Subject's Reported Sensetions

The subjects reported several sensations during the
experiments. These included disorientetion, heed tilt,
apd one report of the sensation of "spinning in two directions.
simultaneously." Seversl subjects also reported ean after
effect followinzg stimulation et 3 ma. This manifested
itself in a spinning sensstion but died out before the
beginning of the next run.

Subjects complained somewhat about the electrode
head band which became painful when worn for a long

period.

5,5 Comments on One Abnormal Subject

One abnormel subject wes also run on the experiment
under protocol #l. The subject was an eiqhteen yesr old
femele with Von Recklinhausens' dlsease(neﬁrofibrometosls)
who hed hed bilgteral acoustic neuromas removed surzically.
~She reported no sensation of rotation during any of the
experimental runs. The chalir position followed the
random signal almost exactly. Her only indication of
éurrent.effect ceme at the 3 ma, level at which she
repeatedly was unable to tolerate the skin effects of
the stimulus and terminated the run by pressing the
panic button. |

Eye movements displeyédllarge right beating nystagmus
at ‘the onset of the experiment. Nystasmus remained richt
beatinz on all runs but decressed merkedly in amplitude.

The large deviations at the beginning were attributed to
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subjeét appfehension which apparently subsided as the

exreriment perliod wore on.

The resvlts for this subject then indicated that
galvaenlc stimulaetion does not produce sensation of '
rotation or disorientatlon when both vestibuler nerves

have been sectioned.
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CHAEFTER 6

CONCLUSIONS AND RECOMMENDATIONS

The object of this thesis was to determine the gross
influence of galvanic vestibular stimulation on the
perception of rotation and on eye movements. The intent
was to deternine which parameters mizht effect these
phenomena and to lay the groundwork for future study in
this area, particularly in clinicel application. In
order to accomplish thls, the effects of stimulation
modes and intensitles on subject threshold for motion
sensation and eye nmovenents were examined.

Modes (the ﬁarious electrode combinations) were
found to be significant only with réversed polarities.
Whereas quantitative differences in effect betwéen anodic
and cathodic stimulation had been reported in the literature
no>suoh differences were found in the present experiments
ﬁhen cofrecting for reversal of polarity and the control
bias. After these corrections, anodic and ceathodlc
stimulation produced effects of opposite sign but of
the same magnitude.

Similsrly, differences in maénitude of effect hed
been reported between unipolar and bipolar stimulatlon.

No such differences were found in the present work.
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The threshold for intensity effect in the experiments

was found.to lle at approximately 600 «a. Runs with
current below thlis level zave results no different than
those of the control runs. Above 600 «a, the current
acts in an apparent linear manner to_bias the threshold
of rotation perception. )

With a five ninute rest period between runs, no
order effécts were observed.

Anslysis of eye movements suzzested results similar
"to those of the voluntary responses but not at statistically
sienificant levels.

One abnormal subject with peripheral vestibular
nerves destroyed was run on the experimental set-up.
No reaction could be obtained with or without galvenic
stimulus. Thus, for this subject, absence of the peripheral
nerve implies absence of the galvanic reaction; Thus the
action site of the stimulus appearé to be distal to the
brain stem though the exact point remains to be established.

- The experimental results aré'ln’apparent agreement

with the findings of lechéndanl that all bersons, even
so called vestibularly "normal" subjects, exhibit a
slizht directional preponderance over a perlod of tilme,
In the present case this was manifested 1n a consistent
chair drift éway from a zero reference position durlng
control runs and during runs with current but below
threshold for current effect. The drift in each case

was to the rizht, the same as in Mirchandani's experiments.
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The results of this research indicate possible

extensions of the subjective perception model of the
semicircular oanals. discussed in Chapter 2. The proposed
additions to the model are shown in ficure 6.1. These
include a threshold, a gain, Kg, and an as yet unknown
dynamic ter K(s) to reflect possible transicnt or response
decline phenomena.

The galvanic stimulus has sn apparent additive
effect on perception of rotation. The best estimate of
the action site at present indicates that it 1is probably
central to the hair cells in the macula pf the semicircular
cenals. The proposed addition to the model reflects these
considerations by making the gslvenlc stimulus response
terms additive with the output of the existing perception
model but before the central nefvous system. The evoluation
of K(g) and exact determination of the threshold end
KG will be required in future work.

A number of topics related to galvanic vestibular
stimulation deserve future attention. |

The threshold end <aln for‘intensity effects should
be established more accurately by more extensilve testingb
of several subjects under fewer conditions. One means
of sccomplishing this is an alternative form of the
experiment above with the subject in o passivé role.

Various transient analyses misht also be useful.
In perticular, step inputs in rotating chalr velocity

in the presence of galvanic stimulation mircht yield



op

L o X - K(s)
Galvanic
Stimnulus
A 1"
. 1 y + ]
6 _ B/I s én 1*/\ ! C.N.S.
(s+B/1) (s+K/B) AN
Rotational L !
Stimulus -———d
Subjective Ferception Action Central
Model of Semicircular Foint Nervous
Canals Uncertain System
Figure 6.1

Proposed extension of subjective perception model

to include galvanic stimulus

P —
-

Fercelved

Velocity

26




93

information on response latency tiﬁes. Chroneaxlia study
Amight also te furthér considered, As pointed ouvt in
Chapter 3, results have not beén consistent between
researchers for vestibular nerve chronaxia. If a

4 repeatéble nethod of performing this test were available
it might become useful clinically.

The effects of galvanic stimulétion on posture
as discussed in Chapter 3 night aiso be a psrticﬁlarly
frultful area for future consideration. '

An inportant consideration for future work is the_
eye moveuent response to galvaﬁio stimulation. The
experinents perforﬁed here indicated thaf eye movements
might provide useful guantitative neasures of rotation |
sensation if signal to nolse ratios were luproved. A
possible means of improving fhié retio would be to provide
a fixation point, either visual or prOprioceptive (such as
asking the subject to "look" at his outstretched thunb). ;

Eye movenents, if shown to be a conslistent good
indication of the galianic vestibular reaction would be
“mucﬁ nore practical to use in a.clinlcal test as cbmparéd'

with the rotational tests employed here.
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AFPENDIX A

COMPUTATION EQUIFMENT USED IN DATA ANALYSIS

All data anelysis for this thesis'was performed on
the MIT Man Vehicle Laborstory hybrid computer facility.
This equipment consists of a Digital Egquipment Corporation
PDP-8 digital cohputer 1nterfaéed to & GPS model 290 T
analo? conputer. The PDP-8 has a 12 bit, fixed word
length, 13 second cycle time, and 4,09630 memory locations.
Frograms are written and stored using a modified version
of the DEC tape programming system supplled by the
manufecturer.

The analog machine uses a 10 ¥olt reference. There
are 7 A/b and 8 D/A channels eech with a range of #10 volts.
Sampling rate is determined by a real tire clock actuating

a program interupt line at the analosg wmachine.
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APPENDIX B

MITNYS, A HYBRID PROGRAM TO -DETERWMINE

CUMULATIVE SLOW PEASE OF NYSTAGHMUS

The eye movement deta obtained during the experiments
described in thls thesls was processed using the hybrid |
program, MITNYS, the dizital portion of which is written
in PAL, the assembly language for the PDP-8 computer.

MITNYS receives the raw anslozg eye movement.dats,
femdves saccades and blinks which may be present,‘and
piéces the slow phase eye movements together to form a
cunulative slow phase output. This output may be thousht
of as the total ampllitude of slow phasg eye movements
during the experinent.

In addition, the prosram differentiates this output
to obtaln slow phase velécity. however, this wes not
required in the present reSearch{.

A simplified block diagram for MITNYS 1svgiven in
figure B.1l, and an annotsted listing follows. The requilred
analog connections are shown in fizure B.2. A complete
discussion of the algorithm is somewhat 1nvolved &and 1is
omitted here. It has been revorted elsewhere for those

who may be interested.
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Eye
Position
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Uprd=ate
Slope Sense

4

Calculate Correct o7
Saccade | 4. .last <
Heilzht Saccade
Update Extrapolate
Data — Eye -
Position
R
D/A
r———-- - Cumulative
>‘Filter }———%-Slow Phase
IO | Position
S1ow Calculate J
Phase and scale
Velocity < D/A |« Velocity e A:/D
Figure B.1

Simplified block diagram for the hybrid progrem MITNYS
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From
Eye Movement

Monitor T
O— o e
10 Vo.z

A

MJ - _ CR Chan. 2

A/D 1

4<:>

\/

D/A 1 : : Cumulative slow

(1 /,Ja r\\\\ phase position
Rl 10
L0 0166 CR ChanQB

612 - ———O

Auvx. output .

———& ¢o.175' [b Q A/Dé |

D/A b , Slow phase
( ) veloclity
1<1>m\ | \fj 05408 B Q
| “ - 0406 |7 63 Chan. T

Figure B.2

Analog Connections for the hybrid program, MITNYS
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*200 /MITNYS-DOUBLE PRECISION
: /0ON~LINE NYSTAGMUS PROCESSOR

/MAN~-VEHICLE LAB, MIT, FEBRUARY, 1970

/INPUT CALIBRATION: 1V = 1S5DEG
/SAMP RATE = 32 PER SEC

p200 7200 START,CLA /INITIALIZE CONSTANTS
9201 3040 DCA SAMPO

@202 3@32 DCA APPgA

p2p3 3033 DCA APPOB

P204 3044 DCA TEMP1

8205 3047 DCA SLOPE

p206 3p52 DCA SS

2207 1021 TAD B

@218 3055 DCA CNTRI

@211 1p22 TAD C

p212 30656 DCA CNTR2

P213 76084 TOP,LAS /PAUSE IF ACO=1

@214 7510 SPA

9215 5200 JMP START

p216 17604 LAS :

0217 30620 DCA A/ SET VELOCITY CRITERIA;
p2268 6454 CLAF /00206 = S0 DEG PER SEC
@221 6461 SNAF

@222 17610 SKP CLA

p223 5221 JMP -2

p224 6422 DACG ‘

p225 6545 ADCC ADIC/SAMPLE AMPLITUDE
p226 6532 ADCV

8227 6531 ADSF

@230 5227 JNP .-1

@231 6534 ADRB

@232 3037 DCA SAMP1 :

0233 6544 SPV,ADIC /SAMPLE CUMULATIVE POSITION
0234 6532 ADCV

@235 6531 ADSF
@236 5235 JMP -1

@237 6534 ADRB

0240 3063 DCA POS1

0241 2060 I1SZ CNTR4

p242 5273 ~ JMP DIF

@243 1025 TAD F

@244 3060 DCA CNTR4

@245 1064 TAD POS® /DETERMINE SLOW PHASE VELOCITY
0246 7041 cia

p247 1063 TAD POS1

@250 3065 DCA VEL

8251 1065 TAD VEL

p252 7104 - CLL RAL



- 9253
0254
@255
@256
6257
0260
261
Ba62
#2263
264
9265
g266
Ba67
0270
2271
6272
p273
@274
6275
0276
02717
2300
P301
8302
0303
P304
8385
@306
8307
2310
0311
312
2313
8314
@315
8316
6317
2320
2321
p322
n323
p324
0325
@326
. 8327
8330
@331
@332
2333
©334
B335
2336
@337
9340

7204

3861 |

1665
7510
7041
7106
3ne62
1061
7119
7620
5473
1062
7041
3062
1063
3064
1640

941

1037
3043
1043
7104
7224
3050
1043
7540
7041
10206
7710
5476
1653
7640
5507
2057
5477
2053
1052
7640
5500
1043
7540
7041
1026
7710
5466
2052
5466
1854
7640
5503
1032
3651
2054

20855
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CLA RAL
DCA SD1
TAD VEL
SGEZ
CIa
"CLL RTL
DCA V1
TAD SDl
CLL RAR
SNL, CLA
JvP I PVL
TAD V1
Cia
DCA VI
VL,.TAD POS!
DCA POSPH
DIF,TAD SAMP@ /CALCULATE AMPLITUDE DIFFERENCE
Cla
TAD SAMP1
DCA DIF1
TAD DIF1
CLL RAL
CLA RAL
DCA SIGN
CHK,TAD DIFl /VELOCITY CRITERIA
SLEZ
CIA
TAD A .
SGEZ CLA
JMP 1 PEPK
TAD VWAIT
SZA CLA
JMP I PST
I1SZ CNTRS3
JMP I PLOK
ISZ WAIT
‘ST,>TAD SS
SZAa CLaAa
JMP 1 PSET
TAD DIF! /TEST FOR EXTREMUM
SLEZ
Cla
TAD Q
SGEZ CLA
JMP 1 POK
ISZ SS
JMP I POK
SET»TAD KEY
SZAa CLA
JMP 1 PSN
TAD APPGA
DCA SENMP
I1S7Z KEY
SN,ISZ CNTRI
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3341 5466 . JMP I POK :
p342 1051 TAD SEMP /UPDATE SLOPE SENSE
8343 7041 CiA :
8344 16832 TAD APPOA

B34S 7104 CLL RAL

B346 7204 CLA RAL

B347 3047 DCA SLOPE

2350 3053 DCA VAIT

@351 3052 DCA SS

8352 3054 DCA KEY

3353 1024 TAD E

@354 3057 DCA CNTR3

@355 1021 TAD B

@356 3055 DCA CNTRI

@357 5466 JMP 1 POK

@360 1024 EPK,TAD E

@361 3057 DCA CNTR3

@362 5475 JMP 1 PEPL

8363 1054 LOK,TAD KEY /SLOPE SENSE CRITERIA
0364 7640 SZA CLA

0365 5466 JMP 1 POK

8366 1047 TAD SLOPE

0367 1050 TAD SIGN

@376 7110 CLL RAR

6371 7620 SNL CLA

@372 5466 JMP 1 POK '
@373 1041 EPL,TAD DEL1 /EXTRAPOLATE POSITION
@374 1042 TAD DEL2

@375 4110 JMS RUN

@376 4144 JMS APP

8377 2106 1SZ DF

0400 5502 JMP I PFT

g4@1 1106 OK»TAD DF /BOTH TESTS PASSED; SCALE SAMPLE
gage 7650 SNA CLA

204083 5501 JMP I PGO
404 1041 "TAD DEL1
0405 1p42 TAD DELZ2
0406 4110 JMS RUN
@407 4144 JMS APP
0410 1037 TAD SAMP1
411 4110 JMS RUN
g4a12 1034 TAD EXTRA
@413 7¢40 CMA

0414 30634 DCA EXTRA
B415 1835 TAD EXTRB
R4a16 7141 CLL CIA
P417 3635 - DCA EXTRB
P420 7004 RAL

0421 1034 TAD EXTRA
422 3034 DCA EXTRA
0423 1035 TAD EXTRB
pa24a 1031 TAD APPIB
6425 3046 DCA JUMPB

va26 7004 RAL



427
0430
2431
0432
P433
0434
0435
B436
3437
8440
ga41
pa4s2
G443
0444
B445
B446
o447
g4a50
G451
B4ase
B453
Bus54
0455
0456
0457
D460
G461
pace
G463
B464
0465
g4a66
P467
0470
0471
a472
2473
G474
2475
Q476
g4a77
2500
0501
o502
2503
2504
2505
8506
o507
0510
#9511
ps512
P513
6514

1034
1030
3045
3106
5502
1037
4110
1635
1046
3631
7004
1034
1645
3330
1832
7040
1230
3034
3836
7100
1633
7641
7430
2036
7100
1031
7421
T004
1036
1034
T413
0001
3241
1630
3p32
1331
3033
1041
7540
T041
1020
7710
7610
5467
1047
7659
S470
1020
3641
3041
5467
1020
3041
1044
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TAD EXTRA

TAD APP1A

DCA JUMPA

DCA DF

JMP 1 PFT
GO, TAD SAMP1

JMS RUN

TAD EXTRB

TAD JUNMPB

DCA APP1B

RAL

TAD EXTRA

TAD JUMPA

DCA APP1A
FT»TAD APPGA

CMA

TAD APPlA

DCA EXTRA

DCA LINK

CLL

TAD APP@B

cia

szL

1SZ LINK

CLL

TAD APP1B

MQL

RAL

TAD LINK

TAD EXTRA.

SHL, -

6801

DCA DEL1

TAD APPIA

DCA APPGA

TAD APP1B

DCA APPOB , |
FIX,TAD DEL! /LIM ERR IN 1ST DIF

SLEZ

cla

TAD A

SGEZ CLA

SKP CLA

JUP I PUP

TAD SLOPE

SNA CLA

JMP 1 PCS

TAD A

CI1A

DCA DEL1

JMP 1 PUP
CS»TAD A

DCA DEL!
UP,TAD TEMP1 /UPDATE DIFFERENCE TABLE



@515
8516
B517
Bps20
9521
ps522
¥523
0524
8525
2526
9527
2530
0531
ps532
0533
A534
0535
6536
0537
0540
8541
8542

ns543
2544
P545
7546
9547
%550
78551
A552
2553
0554
0555
0556
0557
0560
p561
0562
0563
g564
B565
0566
0567
B570
0571
B572

0020
go21
po22
0323

7041

1041
3042
1041
3044
2056
S474
1622
3056
1832
7540
7041
1023
7740
5472
3045
3246
3632
3033
1632
6552
7200

1043
6554
7200
1055
6562
7200
1062
6564
7200
1047
6572
7200
1037
3040
6435
7110
76208
5427
1047
7601
7110
7204
347
5505

6oo6
7774
7774
3750

. CIa

IN,

RS,

OuT.

KO»

*20

A0

Bs77
Cs77
D,»37

TAD DEL1
DCA DEL2
TAD DELI1
DCA TENMP1
1SZ CNTR2

JiP 1 POUT

TAD C

DCA CNTR2
TAD APPBA
SLEZ

CIa

TAD D
SLEZ CLA
JMP 1 PRS
DCA JUMPA
DCA JUMPB
DCA AFPOA
DCA APP@B
TAD APPOA
DAL1

CLA

TAD DIF1

DaL2

cLA

TAD CNTR1
DALS3

CLA

TAD V1
DALY

cLA

TAD SLOPE
DALS

cLA

TAD SAMP1
DCA SAMPO
LASL /CHK
CLL RAR
SNL CLA
JMP I PKO
TAD SLOPE
IAC

CLL RAR
CLA RAL
DCA SLOPE

JMP I PTOP

74
74
50

102

/CONVERT DATA

/RESET CUM POS IF OVERFLOW

SENSE LINE 12 FOR MANUAL
' ’ ./SLOPE CORRECTION



o624
Ba25
BY26
Be27
0030
0o31
0032
Y33
0034
BBG35
@36
20937
0o40
BR4l
gg4a2
Po43
Bo4a4
0a45
R346
0BaT
Pes5e
A0S51
nasa
0053
8054
0wes55
vo56

88517

0060
0061
oe62
PB63
Peo64
0B65
0066
0367
8370
0071
vB72
o073
0oT4
BoT5
@376
0077
2100
0101
pio2
163
0104
0105
2106
0107
2110
pL1l

7770
7776

0001

ns72
931717]
o006
8oan
191910}
9151417]
2000
7161914/
PoBo
0BHe
19161010]
PALBH
2000
Brao
0000
onBa
BHOo
poooy
0600
0203
19151%]
pOGY
o060

- Bp00

woaea
6000
0nBoa
0000
1610)43%
00006
2000
401
@514
psi12
p522
8540
pa71
N557
©373
2360
(3363
6332
0434
D445
B340
06U
2213
BoBo
0317
9J0151]
3104

103
E,7770
F»7776
Q0001
PKOC,KO
APP1A»0
APP1B,0O
APPOA,®
APPOB, G
EXTRA,OQ
EXTRB, 0O
LINK,O

SAMPL,0

SAMPO, 0
DEL1.0
DEL2,0
DIF1,0
TEMPL,0O
JUMPA,O
JUMPB, 0
SLOPE,®
SIGN,©Q
SEMP, O
SS,0
VAIT,0
KEY,»0
CNTR1,0
CNTR2,0
CNTR3,0
CNTR4,0
SD1,0
V1,3
POS1,0
P0SB,0
VEL,0O
POK,»OK
PUP,UP
PCS,CS
PINLIN
PRS, RS
PVL,VL
POUT,OUT
PEPL, EPL
PEPK, EPK
PLOK, LOK
PSET,» SET
PGO,GO
PFTLFT
PSN» SN
EX1,0
PTOP,TOP
DF,0
PST,ST
RUNs@® /SCALING SUBROUTINE
DCA EX1



g112
0113
ol14
@115
gileé
gri7

2120
12t

gia2
0123

6124
o125
p126
o127

2130

9131

0132
0133
0134
9135
136
@137

0140
pLat
G142
@143
Bl4a4

< 0145

@146
@147
6150
3151
6152
2153
@154
6155
A
APP -
APPBA
APP@B
APP1A
APP1B
B

c

CHK
CNTR1
CNTR2
CNTR3
CNTR4
cS

D
DEL 1
DEL2
DF

1104
7500
5120
7041
3104
2036
7200
1104
7415
0001
3334
7501
3035
1636
7450
5143
1034
7640
3034
18634
7141
3035
7004
1034
3634
5510
10101519
1935
1033
3631
004
1034
1932
30306
3836
5544
0v20
pla4a
Barn32
2033
0230
0631
po2l
op22
7363
0O55
P56
vas7
91011
9512
no23
0041
no42
n106

104

TAD EX1

SLZ

JMP MS

Cla

DCA EX1

ISZ LINK

MS,CLA

TAD EX1

ASR

02031

DCA EXTRA
MQA

DCA EXTRB
TAD LINK
SNA

JMP OT
TAD EXTRA
cMa

DCA EXTRA
TAD EXTRA
CLL CIa
DCA EXTRB
RAL

TAD EXTRA
DCA EXTRA
OT,Jl4P 1 RUN
APP,@ /FEXTRAPOLATION SUBROUTIRE
TAD EXTRB
TAD APPOB
DCA APP1B
RAL

TAD EXTRA
TAD APPOA
DCA APP1A
DCA LINK
JMP 1 APP




DIF
DIF1
E

EPK
EPL
EXTRA
EXTRB
EX1

F

FIX
FT

GO

IN
JUMPA
JUMPB
KEY
KO
LINK
LOK
MS

OK

oT
OUT
PCS
PEPK
PEPL
PFT
PGO
PIN
PKO
PLOK
POK
POSO
POS1
POUT
PRS
PSET
PSN -
PST
PTOP
PUP
PVUL

Q

RS
RUN

- SANPO
SAMP1
SD1
SEMP
SET
SIGN
SLOPE
SN
SPV

2273
0¢43
6024
8360
@373
0034
0035
@104
0025
0474
Q445
6434
@522
045
Ba46
254
6572
6036
2363
0120
P40l
8143
8557
0870
2876
0875
o102
6101
2071
6027
00717
6866
0064
0063
0074
PR72
21060
0103
6107
2105
0667
6673
0026
0540
6110
0040
6037
P61
0051
2332
0050
0047
6340

9233

105

SS
ST
START
TEMP1
TOP
UpP
VEL
VL
Vi
WAIT

pos52
8317
p200
0044
2213
0514
nB65S
0271

agoe2

0053
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APFENDIX C

MAN, A HYBRID PROGRAM TO CALCULATE

STATISTICS OF EXPERIMNENTAL DATA

This program was used to determine the statistics of
the slow phase eye position as detérmined by the hybrid
program MITNYS(see appendix B) and of chair position for
each experimental run. The digital portion of MAN 1is
"written in PAL, the PDF-8 acsembly language. Analog
chalr or eye position is scaled with the analox machine
such that 1 volt = 72 degrees. For each run, 128 seconds
of Aata 1s sampled once per second, the first sample
corresponding to the instesnt just after all stimuli
have been spplied. These semples are stored in memory.
At the completion of samprling, the digital msechine
calculates the mean, varlance, and standard devistion
Qf the sampled deta sccording td the following slmorithms
where 8 indicsted anguler position and‘T = sampling period.

- 1 N
Feans 6 = j £ 6(nT)
n=1 | (C.1)

etnT) - (0)32 (c.2)
1

[T v A

3
Varience: Ug =%
n

Standard Deviation: 0 = ./ 1 N (nT) (;) ( )
= % 62(nT) -~ (8)3 C.3).

n=1

=
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The results of the calculations are outputted in

two ways. The mean and stenderd devistion sre converted
to snalog signals for possible display. All three of the
statistics are also outputted on the teletype in digital
form. A
The format for this latter outpgt is shoﬁn belowt

GALVANIC STIMULATION DATA

SUBJECT #X RUN #X

"CHAIR(EYE) POSITION MEAN = XXXX.X DEGREES

VARIANCE = XXXXXX.XX DEGREES SQUARED

STANDARD DEVIATION = XXXX.X DEGREES

The subject number, run number and specificstion
of eye or chalr data ere determined manually on the
switch realster prior to each set of calculstions.

The square root routine necessary for determination
of the standsrd devietion and the scaled decimal output
routine are calculeted by the utility subroutine SUBTAB,
written by N.A.J. Van Houtte. A listing of SUBTAB mey be
found in his thesis. .

An annotated listing of MAN follows.



2200
pa2ol
pa2e2
6203

p204
2205
%206
n2a7
v210
gall
n212
0213
pal4
2215
falé6
8217

0220

paa2l
g222
p223
B224
@225
0226
pea7
230
P23t
na232

p233
0234
9235
©236
p237
0240
o241
n242
0243
p244
0245
@246

7604
7041
3643
7462

7634
7104
7160
7415
2003
3620
T421
7604
7415
geo2
7200
7413
pog2
3021
7604
7104
71064
7204
3022
1045
3010
1043
3023

7604
7710
5204
6552
6554
6551
6454
6461
7610
5242
6545
6532
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*200
/MEAN AND VARIANCE PROGRAM
/MIT MAN-VEHICLE LAB, DECEMBER 1969

/THIS PROGRAM TO BE OPERATED IN
/CONJUNCTION WITH THE UTILITY
/PROGRAM ''SUBTAB"

/SAMP RATE = 1 PER SEC
/CHAIR CALIBRATION: 1V=72 DEG
/EYE CALIBRATION: 1V=72 DEG

LAS /SET NUMBER OF SAMPLES
CIA

DCA A

HLT

STR,LAS
CLL RAL
CLL
ASR
00083
DCA H /STORE SUBJECT NO. FROM SR6-SRS8
MOL
Las
ASR
eao2
CLa
SHL
2002
DCA J /STORE RUN NO. FROM SR9-~SR11
LAS
CLL RAL
CLL RAL
CLA RAL
DCA KEY /STORE DATA INDEX FROM ACl; #=CHAIR; 1=EYE
TAD PLIST /INITIALIZE SAMPLE LIST
DCA 10
TAD A
DCA CNTRI

TOP,LAS /RESTART IF ACO=1
SPA CLA
JMP STR
DAL1 /CLEAR DIGITAL TO ANALOG CHANNELS
DAL2
DACX
CLAF /READ IN DATA
SNAF
SKP CLA
JMP -2
ADCC ADIC
ADCV



va47
0250
@251
9252
A253
8254
8255

6256
6257
6260
0261
6262
6263
0264
3265
6266

0267
B279
2714
g272
2273
8274
Pg275
g276
02717
2300
2301
n362
6323
2304
2305
8306
0307
8310
#8311
@312
313
8314
@315
B316
2317
0320
g321
p322
2323
3324
8325
@326
n327
@330
0331
332

6531
5247
6534
3410
2023
5446
7402

1943
3023
1045
3010
3025
3024
3026
3027
3030

7604
7710
5256
1419
3031
1631
7710
7249
1625
3625
7100
1031
1024
3024
7430
2085
7600
1031
4076
3035
75081
3036
1030
1036
3030
7004
1035
1027
30827
7064
1026
3026
2923
5447
1024
7421

109

ADSF

JWP

=1

ADRB

DCA

ISz

JMP
HLT

MNs TAD
DCA
TAD
pca
DCA
DCA
DCA
DCA
DCA

MAV,sLAS
sPA
JMP
TAD
DCA
TAD
SPA
CMA
TAD
DCA
CLL
TAD
TAD
DCA
SZL
1S2
NOP
TAD
JMS
DCAa
MQA
pCcA
TAD
TAD
pcAa
RAL
TAD
TAD
DCA
RAL
TAD
DCa
1SZ
JMP
TAD
MQL

1 10
CNTR1
I PTOP

A
CNTR1
PLIST
10
HIGH
LOW
up
MID
DOWN

/RECALCULATE MEAN IF ACO=1

cLa '

MN

I 10 /CALCULATE SUM OF SAMPLES
SAMP

SANMP

CLA

HIGH
HIGH

SAMP
LOW
LOW

HIGH

SAMP /SQUARE CURRENT SAMPLE
S
SSHI

SSLO .

DOWN /CALCULATE SUM OF SQUARED TERMS
SSLO

DOVN

SSHI
MID
MID

UP

UpP

CNTRI

I PMAV

LOW /CALCULATE MEAN



9333
0334
®335
©336
337
0340
8341
0342
9343
8344
P345
a346
0347
0350
p351
9352
0353
0354
0355
2356
0357
0360
0361
0362
0363
0364
0365
P366
0367
B370
2371
B372
373
@374
6375
0376
83717
Q400
2401
P4ap2
G403
404
G465

- 0406

D407
0410
Q411
B412
Pa13
val4
G415
0416
a1y
ga2n

1025
7415
0o6
7701
3034
1030
7421
1o27
7415
B306
7701
3033
1627
7421
1626
7415
0PB6
7791
3032
1034
4076
3037
7501
3640
1037
7040
3037

1040 -

7141
3040
1004
10837
3637
1040
1033
3042
7004
1037
1832
3641
1041
7510
5211
7421
1042
4471
3044
1834
65582
T200
1844
6554
7200
6551

110
TAD HIGH
ASR
PoV6
CLA MQA
DCA MEAN
TAD DOWN /CALCULATE MEAN SQUARE
MQL
TAD MID
ASR
0eno6
CLA MQA
DCA MSLO
TAD MID
MQL
TAD UP
ASR
0oo6
CLA MQA
DCA MSHI
TAD MEAN /SQUARE MEAN
JMS SQ
DCA SQMNH
MQA -
DCA SQMNL :
TAD SQMNH /CALCULATE VARIANCE
CMA
DCA SQMNH'
TAD SQMNL
CLL ClA
DCA SamNL
RAL ;
TAD SQMWH
DCA SQMWH -
TAD SQMNL
TAD MSLO
DCA VARB
RAL
TAD SQMNH
TAD MSHI
DCA VARA ' ’
TAD VARA /CALCULATE STANDARD DEVIATION
SGEZ '
JMP «+4
MQL
TAD VARB
JMS I PSQ@RT
DCA SIGMA
TAD MEAN /CONVERT RESULTS FOR ANALOG DISPLAY
DAL1
CLA
TAD SIGMA
DAL2
CcLA
DACX



n421 1051 TAD POUT!

0422 4te24 JMS PRINT /TYPE "GALVANIC STIMULATION DATA'
0423 1052 TAD POUT2 - .
0424 4124 JMS PRINT

0425 1620 - TAD H

B426 1065 TAD C60

0427 4106 JMS TYPE /TYPE “SUBJECT # 00"
6430 10853 TAD POUT3

6431 4124 JMS PRINT

0432 1@21 TAD J

0433 1065 TAD C60

G434 4106 JMS TYPE /TYPE “RUN # @

P435 1022 TAD KEY

@436 7640 SZAa CLA

0437 5463 JMP 1 PEYE

@440 1054 CHRsTAD POUT4A

R4aal 4124 JMS PRINT

P442 S464 JMP 1 PDEG

443 1055 EYE,TAD POUT4B

Bausy 4124 JMS PRINT

@445 1056 DEG,TAD POUT4

0446 4124 JMS PRINT

P447 1066 TAD SPEC1

0450 3470 DCA 1 PSPEC

B4as1 1974 TAD FACI1

p452 4473 JMS 1 PFACI

p4a53 7421 MQL

ous4 1034 TAD MEAN

8455 4472 ~JMS 1 PPRNTQ

B456 1057 TAD POUTS

B4ST 4124 JMS PRINT /TYPE "EYE (CHAIR) POSITION MEAN
460 1060 TAD POUT6 /= XX DEGREES
8461 4124 JMS PRINT

R462 1067 TAD SPEC2

463 3470 DCA I PSPEC

0464 1075 TAD FACI2

P465 4473 JMS I PFACI

P466 1042 TAD VARB

g467 7421 MaL

G470 1041 TAD VARA

G4TY 4472 JMS I PPRNTQ

0472 1057 TAD POUTS

G413 4124 JMS PRINT

G474 1061 TAD POUT7

0475 4124 JMS PRINT /TYPE “VARIANCE = XX DEGREES SQUARED"
gaT6 1062 TAD POUTS

GATT 4124 JMS PRINT

A560 1066 TAD SPEC!

8561 3470 'DCA 1 PSPEC

9502 10874 TAD FACI1

0563 4473 JMS 1 PFACI

P504 7421 MQlL.

565 1044 TAD SIGMA



2506
0507
510
0511

@s12

0513
8514
8515
B516
0517
6520
0521
@522
523
@524
0525
526
0527
0530
6531

#532
8533
B534
3535
B536
8537
0543

0541
6542
P543
P544
8545

p546
0547
0550
A551

p552
8553
0554

P555
A556
B557
B560
8561
‘8562
#3563

6564

4412
1957
4124
7402

5450

3636
3607
o114
2601
1611
0340
2324
1115
2514
p12yg
1117
1640
6401
2401}
2000

3623
2502
1205
B324
4043
40006
pooe

4040
2225
1640
4340
Bovo

36063
1001
1122
PooY

3605
3105
0eoo

4020
1723
1124
1117
1640
1505
0116
4075

JMs 1

112
PPRNTQ

TAD POUTS /TYPE
JMS PRINT

HLT
JMP 1

OUT1,3636
3607
oil4a
2601
1611
2340
2324
1115
2514
0124
1117
1640
0401
2401
(Jol1)

ouUT2,3623
2502
1205
8324
4043
40600
Povo

OUT3,4040
- 2285
1640

4340

2000

PSTR

/CRLF,CRLF
/CRLF,G
/AL

/VA

/NI

/C

/ST

/1M

/UL

/AT

/10

/N

/DA

/TA

/700

/CRLF»S
/UB

/JE

/CT

/ #

/

/00

/
/RU
/N
/#
/00

OUT4A,3603 /CRLF.C

1001
1122
10:103%]

/HA
/IR
/00

OUT4B,» 3605 /CRLF,E

3185
PoRY

OUT4,4020
1723
1124
1117
1640
1565
P116
4075

/YE
700

/ P
/0S
/1T
/10
/N

/ME
/AN
/ =

"STANDARD DEVIATION = XX DEGREES"



0565
0566

B567
8570
2571
vsS72
6573

0574
0575
0576
@577
0660
0601
06082

0603
g6o4
P60S
B6U6
607

0610
0611
po612
0613
0614
6615
0616
2617
p62y
2621
geae
p623

B2
gazl
pe22
o223
Bo24

- 0025

226
0627
0B30
o031
0032
2633
Pa34
ge35
gu36
2037

4000
0BGO

4004
8587
2205
2523
191%141"]

3626
g122
1101
1663
0540
7540
REBY

4023
2125
o122
B504
voon

3623
2401
1604
p122
0a40
2405
2611
gl124
1117
1640
7540
0oo0

6000
0000
PR60
noeveo
0080
200G
Boon
2000
J01u1%]
o000
uJolole]
o092
o000
onoo
0000
nooeo

4000
OBy

OUTS, 4004
2507
22065
B523
6000

OUT6, 3626
ple2
1101
1603
8540
7540
0000

OUT7,4023
2125
gl22
0504
00060

0uUT8,3623
2401
1604
pl22
440
8405
2611
@124
1117
1640
7549
2000

%20

H,0

Js»0
KEY,»0
CNTR1,0
LOVW,O
HI1GH,O
UpP,0
MID,O
DOWN,©O
SAMP, 0
MSHI, O
MSLO,0
MEAN, O
SSHI,N
5S5L.0,0
SQMNH. 0

113

/
/780

/ D
/EG
/RE
/ES
/700

/CRLF,V
/AR

/1A

/NC

/E

-
=

/700

/7 S
/QU
/AR
/ED
/700

/CRLF,»S
/TA

/ND
/AR

/D

/DE
/VI-
/AT

/710

/N

=

/700
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0049 0O0BG SQMNL,O

041 ©@OAG VARA,Q

42 0063 VARB,O

0343 00N0 AL0

poa4a 06680 SIGMALG

P45 1177 PLISTS,LIST-1
0B46 0233 PTOP,TOP
po47 0267 PMAV,MAV
B6O50 G204 PSTRsSTR
051 ©0513 POUTI,OUTI
gBs2 6532 PCUT2,0UT2
8653 ©541 POUT3,0UT3
6054 0546 POUT4A,O0UT4A
PP55 0552 POUT4B,OUT4B
BB56 @555 POUT4,0UT4
PP57 G567 POUTS,0UTS
P66 @574 POUT6,0UT6
061 0603 POUT7,0UT7.
pp6ee @610 POUT8,0UTS8
2G63 (G443 PEYE,EYE
0064 0445 PDEG,DEG
PB65 0060 C60,60

BB66 4401 SPEC1,4401
PB67 47061 SPEC2,4701
076 S18B PSPEC,5160
@71 7519 PSQRT»7510
@972 S1il4 PPRNTQ,5114
Bp73 5155 PFACI»515S
0074 1320 FACI1,1320 /= _720C10)
PB75 2814 FACI2,2014 /= 1936(10)

0076 0BOB SQs,0 /SQUARING SUBROUTINE
6077 7510 SPA

01060 7041 CIA

181 3104 DCA «+3

g1o2 1184 TAD «+2

0183 7425 MQL MUY

0104 0OVCB O

P1a85 5476 JMP 1 S@

0l86 0003 TYPE,O /TYPE SUBROUTINE
P1o7 6046 TLS

119 60N4Y TSF

2111 5110 JMP =1

112 172006 CLA

0113 5506 JMP I TYPE

Q0114 ©P38 CRLF,0 /CARRIAGE RETURN LINE FLEED SUBROUTINE
@115 1122 TAD K215

V116 4166 JMS TYPE

117 1123 TAD K212

plen 4106 JMS TYPE

ni21 5514 JVMP I CRLF

@122 0215 K215.,215



0123

o124
9125
B126
0127
0130
0131
p132
2133
3134
2135
f136
2137
8140
B141]
pla2
2143
Bl4a4q
8145
B146
0147
0150
@151
g152
0153
@154
B155
@156
0157
21606
2161
glee
9163
p164
2165
0166
8167
8170
8171
ni72
0173

1200

p2i2

20092
3134
1534
2134
7450
5524
4135
5126
151017}
2000
3147
1147
012
7012
7012
4150
1147
4150
5535
101517}
2000
0167
7450
5550
1170
T440
5161
4114
5550
1171
7500
1172
1173
4106
5550
o717
7742
7776
7700
B340

0000

115
K2i12,212

PRINT,@ /MESSAGE UNPACK AND DECODE SUBROUTINE
DCA PDEX
TAD I PDEX
I15Z PDEX
ShA

JMP I PRINT
JMS DECODE
JMP [ “5
PDEX»0
DECODE, 9
DCA PACK
TAD PACK
RTR

RTR

RTR

JMS OUTPT
TAD PACK
JMS OUTPT
JMP 1 DECODE
PACK, 0
OUTPT,0

AND C@Q77
SNA

JMP I OUTPT
TAD C7742 /CRLF
SZA

JMP «+3

JMS CRLF
JMP 1 OUTPT
TAD M2

SMA

TAD M1006
TAD C340
JMS TYPE
JMP I OUTPT
CoOTT7,17
C7T742,7742
M2,7776
M100,7700
C340,340

%1200

LIST,® sCURRENT SAMPLE LIST




A
CHR
CNTRI
CRLF
coor
C349
cen
C7142
DECODE
DEG
DOWN
EYE
FACI1
FACI2
H
HIGH
J
KEY
K212
K215
LIST
LOW
MAV
MEAN
MID
MN
MSHI
MSLO
M100
M2
OUTPT
OUT1
ouTt2
OUT3
QUT4
QuT4A
OUT4B
OUTS
ouUTo6
ouT?
oUT8
PACK
PDEG
PDEX
PEYLE
PFACI
PLIST
PMAV
POUTI
POUT?2
POUT3
POUT4
POUT4A

0B43
Ba4@
pnea23
0114
@167
P173
BO65
0170
2135
G445
6030
a4q3
074
BN7s
0020
@r2s5
ao21
pe22
@123
p122
1200
24
pR67
BO34
0o27
0256
P32
?mA33
BpLr72
2171
N150
0513
ps532
0541
8555
B#546
@552
2567
0574
PEeO3
6610
0147
ne64
0134
BP63
0Bo73
045
poat
pes51
Bos2
pO53
2256
ersS4

116

POUTARB
POUTS
POUT6
POUT?
POUTE
PPRNTQ
PRINT
PSPEC
PSQRT
PSTR ~
PTOP
SAMP
SIGKMA
SPEC1
SPEC2
sSa
SQMNH
SQMNL
SSHI
SSLO
STR
TOP
TYPE
UP
VARA
VARB

BMss
8657
P60
2061
go62
vare
p124
bo70
nB71
pasSe
6eua6
2031
BB44
0B66

0667

po76
6n37
PC40
Ba35
0B36
o204
7233
61036
Bnae6
Geal
po42
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APPENDIX D

ANVAR AND ANVAR 2 FROGRAMS TO

CAICULATE ANAIYSIS CF VARIANCE

These programs are used to deternmine the possible
significance of the varlous experiﬁental parameters by
rerforming a stsndard an2lysis of varisnce on data
entered in the Graeco-lLatin experimental design. The
two progrems are similar except that ANVAR 2 takes into
account the control runs while ANVAR does not. Both
programs are written in the conversatlional prozramning
language FOCAL which was modified slightly so that data
could be read in on'prepunched paper tape.

A standard enalysis of verience algorithm is
employed.laFor a 6x6 souareAleach deta entry(here chair
or eye mean position) may be represented as aj j where
1 = row and '} = colunn in the squaré 1,3 =1,6.. This
6r1ginal squere of data is arranged so that rows represent
subjects and columns represent order. ’For convenience,
this square was mapped into a second square¢BJwith rows
representing intensities and columns representing modes.
Each entry in the second square may be represented by a
term bij where 1,3} = 1,6.

Calculations performed are then as follows for

ANVAK (ANVAR. 2 ig similar).



6 6
Total Sum: X= Z T ay
i=]1 J=1
Correction Factor: 2Z = (X/36)2
6 6
Total Sum of Squares: Y = ( £ £ afy) — CF
i=13=1
6
Sum for Each Subject: Ry = T ayyr 1 = 1,6
J=1
6
Sum' for Each Order: Cy =2 ayyi J= 1,6
i=1
6
.Sum for Each Intensitys Sy =T byji 1= 1,6
J=1
: 6
"Sum for Each Modes My = Z bij‘ j=1,6
i=1
Sum of Squaress p
Between Subjects: P = I (B4)2/6 — 2
' ) i=1
; 6
Between Order: C =12 (Cy)2/6 — 2
i=1
6
Between Modes: M=23% (My)af6 — 2
N , . )

4 6
Between Intensitlest L = ¢ (81)2/6 A
i=1

Residual Sum of Squarest R =T -« P - C - M ~- L

Variance Estimates:

Subjectst = P

5

Ordexr: =

14 9]

(D.1)
(D.2)
(D.3)
(D.4)
(D.5)

(n.6)

(D.7)

(D.6)

(D.7)

- (D.8)

(D.8)

(D.10)
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Variance Estimates (continued):

Modess = M
5

Intensities: = L
' 5
Besidual: W = R
15
Veriance Hatlos:
Subjects: P/5W
Order: . C/5W
Modest M/5W
Intensities: L/5W

Error Varience(for T Test)

EV = . W(L + 1) = 73
Vi 1 +3 N

(D.11)

The varliance ratios obtained form ANVAR™ eand ANVAR 2

of the varilous parameters as discussed in the text.

error variance is calculasted for possible use in a

of a certain parameter.

Listings of ANVAR and ANVAR 2 follow.

may be used with a standard F test to determine sicenificance

The

standard student t test if the F test indicates significance



C-FOCAL»1969

1.

a1
61
21

21
61
gl

2.

na

Q4.
Dl e

26
BT «

8.

19

«29
« 39
« 20
«53
.6@
070

10

40
932.
G2
(’}2-
{7‘20
620
EQ-

G2.
G2

B2
G2 -

41
51
61
71
81
95
91
92
93
95

12
29

10

19

10

WY

I R I I R e B I B B B |

=S . T

-

I=1,365A VI

I=1,36548 UCI) ’ :

I=15363S X=X+UCI)35 Y=Y+VUCI>t2:S 7 (X/63123S T=Y-Z

I=1,63D 4 _ : ,

I=1,6:D 6

M=M=Z3S L=L-Z;S P=P~Z3S C= C—7 S R=T=M=-L=-P-C3S W=R/15
I1=1,63D 7 _ : ‘ . .
t1,r - SOURCE DF . Ss . VE : VR"
2802511, MODES S "LoM," a5, CaM/OSRWS ML
28025 INTENSITIES 5 "sL,* MLL/Ss"Y "aL/5%Us 1!
ZBe2,1 SURJECTS S M"L,P," . ",P/5," VCLoP/5%W, Y
"BeG2s CRDER 5 ":C," ",C/5." "L,C/5%W, 11}

28 eB25" RESIDUAL 15 "L,H," MTLolWistl

ZBe025" TOTAL 35 T,T,!! _

I, SUBJECTS MODES INTENSITIES",!

I=1,6:D 8 ' :

%2602511,7 ERROR VARIANCE"FSET(W/3),!!

d=<(I-1)*6+1>,<(I-1)*6+6555 RCIJX=RCIXI+V(JI3S S(I>=S(I)+U(J)x

J=0,535 C(IX=CCId+V(I+J*6)5S MCII=M(I)+U{I+J%6)

M=M+M(I)T2/63S L=L+S(I)?8/655 P=P+R(I1)12/65S C=C+C(I)f2/6

L ' T OMSF Je<(I-1)%6+1>,<(I~- 1I)%6+6>3T %45VCJI)

%5015 - “"sRCIY/6, "LMCId/6," "»5C1>/6

ANVAR, Ana1vsis of Variance program for a 6X6 Graeco-
Latin Square




C-FOCALs1969

2110
0120

3130

Q1 .40
71«50
Gle60
D165
F1e70

@2.40
02.41
3251
7261
D271
P2.81
0290
02.91
7295

Q4410
L e29
%430
QL)

OB B RO | 'Q)")-«)"JO-!H*)'-)HV

B IR TR IRt Bt e B U

I=1,4834' V(I
1=1,365A UCI) :
I1=154835 X=X+V(I1)3S Y=Y+V(I)125S Z=(X12)/48;S T=Y-Z
I=1,63D 4
121,835 M=M+M(I)12/65S C5C+CCI)12/6
1 15635 P=P+R(I)>?2/83S L=L+SC1>12/6

=M=Z3S L=L=Z;S P=P-Z}S C=C~Z3S R=T-M=L-P=C;S W=R/23
11, SOURCE -  DF ss - VE VR"
48 02,11, MODES ST TaMe UL M/TS MM/ TR, !
%802, INTENSITIES 5 "sL,"™  ">L/5,"  ",L/S%UW,!!
%8025 SUBJECTS S ",P,"  ",P/5,"  ",P/5%VW,1!
%28.02,'"  ORDER 7 "sCs™  MeC/TsT VSC/THWL I
%8025 RESIDUAL 23 "L,R,"  "yU,ll
%802, TOTAL 47 vsTa1!
I=1565T%5015%," ML RAII/BLT TLM(IS1)/6." TLSCIN/6
J=<CI=1)%8+1>,<(I=1)%8+8>5S RCII=RCII+V(J)
J=1583S CCJI=CCJI+V(J+CI~12%8I3S5 M(1)=C(1)3S M(8)=C(8)
J=<(I=1)%6+1>5<(1=-1)%6+6>35 SC(I)=SCIX+UCJ)
J=85535 M(I+1)=MCI+1)+UCI+J*6)

ANVAR2, Analysis of Variance program for a 6X6 Graeco-
Latin Square =+ two control runs per subject

12T
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APPENDIX E

T TEST AND T TEST 2

FROGRAMS TO PERFOKM STUDENT T TEST

This program 1s a simple implenentation of the
student t test in order to determinéAwﬁere the
significant differences between means lie. T TEST is
for data without consideration of controls while T TEST
2 takes control runs into account. Both prograns are
'wriften in the cohversational languacge "FOCAL."

The error vafiance is read in es calculeted by
ANVAR and the value of t required is read in from a

table of such valuves. A significant difference between

means exists if meen A - mean B _ ¢ 5 o (E.1)

error variance

The prograns tést 211l possible combinations of
corresponding means and print ou€ those which differ

| slgnlf;cantly together with the ectual t wvalue for the
comparison.

Listings of T TEST and T TEST 2 follow.



C-FCCAL, 1969

fgl.1a
91.22
Alean)
0145
B1.46
1 .56
21.60
ale65
#9170
Gile&n
3193

83.10

O4.10
21.29

87.10

Q7«27

G et

GEe1D
G820
G830

O "7 e - - WD M

2= n )| ]

T Wn

"ATAZA CTYT;F I=1,36;4 UCI)

I=1,65D 4

" T TEST"
RUP2,11," - ERROR VARIANCE",A,"
ry,n ‘ MODES
I=1,6;D 3

1

I=1,53F-J=1+1,6;D 7

1=1555F J=1+1,6;D &

Z5.01,1," "Lels "L,MCId/Z6,"

T(P=0.05)",T
INTENSITIES",!

"»SCIy/6

J=<(I=1)%6+1>,<(I1~1)%6+6>5S SCI)=SCI)+UCJ)

J=G,53S MC(II=MC(IX+UCI+J*6)
B=FABS(M(I)~M(J)I/6%A-T31 (B)7.3;
Z1s,1,"

B=FABS(S(I)=-S(JI)/6*%0~-T31 (RIB.3;
Zisls"

Mo 15" M"5Jds™ T'"5T ZS.025B+T

S"sI5" S",Jd™ T'"3T 25.02,B+7

TTEST, Program to perform Student "t" test
on mezns of parameters found significent in

enalysis of wvariance-no control runs

€21



C-FOCAL» 1969

21.10
@l.29
Bledl)
A1 e85
B1le46
1.50
Bl 69
@165
Ale703
21.80
D190

23.10

Q410
D420

B7+10
D720
27 « 32

658.10
08«20
05 « 30

Wt Mm@ Me e - D W

jos Bl B V2]

TAMASA "TUTSF I=1,48508 UCI)D

I1=1,6;D 4

" ' T TEST"
TLe02511," ERROR VARIANCE",A,"
t1,n MODES
1=2,75D 3

1y
I=0,63F J=1+1,73D 7
I=1,53F J=1+1,6:D 8

250151, i "1, YLMCID/6,

T(P=0.053">T
INTENSITIES", !

s SC1)/6

J=<(I=1)%8+2>,<(I1~-1)%8+7>3S5 SCI)=SCI)+UCJ)

J=8,75S M(JI=NM(I)+UCJ+1+(I=1)%8)

B=FABS(M(I)>=-M(J))/6*%A~T31 (BY7.3;.

Zls!5° M1 MU, Js" TYST %5.02,B+T

B=FABS(S(I)-S(J))/6*%A~T31 (B)8.3;

Zls1," S"515™ S"sds" T'"5T %25.02,B+T

TTEST2, Program to perform Student "t" test
on meaens of parameters found significant in

analysis of variance-control runs included

%21
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