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ABSTRACT

The dynamics associated with the perception of orienta-
tion. were modelled for near-threshold and suprathreshold
vestibular stimuli. A model of the information available
at the peripheral sensors which was congistent with available
neurophysiclogic data was developed and served as the basis
for the models of the perceptual responsses. As a preliminary
assumption the central processor was assumed to utilige the
intormation from the peripheral sensors in an optimal (mini-
mul moan sguare erro¥) mennar to produsa the perceptual esti-
maten of dynamic oclentatlon. Thig assgumption, eoupled with
the models of sensory infermation, determlined the form of
the model for the central procésgor. Comparison of model
responges with data from psychophysical experiments indicated
that while little or no central processing may be occuring
for simple suprathreshold canal stimulation, a significant
portion of the dynamic response to translational accelerations
must be attributed to the central processing of otolith 1nfor-,
mation.

The fundamental mechanism whlch underlies the phenomenon
of vestibular thresholds was studied experimentally by
testing the response of subjects to a near threshold stimulus
cousisting of a velocity step-ramp proportional to the sum of
the subject's velocity step and acceleration step thresholds.
Experimental results indicated that canal thresholds could be
accounted for by a model of central processing consisting only
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of an optimal processing of afferent firing rates in additive
noisc with no necessity for peripheral dead zone nonlinearities.
Quantitative models of threshold detection were developed which
corrcctly predicted threshold levels (75% correct detection} and

sponse latencies foxr rotational stimuli. It was found that
tho same detector could be used to model the threahold responses
resulting from translational stimuli.

The illusions of static orientation were studied and it
was shown that they were consistent with a simple vector
transformation which could be associlated with differences in
the precessing of signals arising fron stimuli in and stimuli
perpendicular to the "utricle plane”. A model was developed
which incorporated this difference and which was capable of
predicting the perception of orientation in an arbitrary
statlc specific force environment.

The -problem of integrating information from the semi-
circular canals and the otoliths to predict the perceptual
response to motions which stimulate both organs was studied.
A model was developed which was shown to be useful in pre-
diclting the perceptual response to multi-sensory stimuli.
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Chapter I

- INTRODUCTION

The rescarch effort which is described in this ﬁhesis
‘was undoertakon to increase our understanding of the phenom-
cnoloyy associated with vestibular perception. More
sPécifically, this thesis attempts to separate the processes
which underlie this perception into two cascaded but funda-
mentally distinét clements, namely: |
1. the peripheral sensors and the associated neural
processes which determine the afferent response
to extefnél stimuli; and | |
2. the proéeséjng by the higher centers‘of thé.
information available from the first order afferent
responses. |
These eleméﬁt5'can Ee considerad as both physicaLly separable
and, in-tcrms of our metthological approach to modelling
them, philoseophically separable., In tﬁe casé of the first
clement the mechanical dynamics of the sensors can be and
arérdiStinguiéhed,ffom the dynamic effecté associated.witﬁ
-the first order afferent,p:oéesées. In thelcase of:the
sccond clement a diétihcﬁion'is made between the threshbld
'stimuli which must be processed by a detector and sﬁpra-"
threshold stimuli which mﬁst be processed by an esﬁimator.
Supfathreshold stimﬁli are further divided into those which
involve tﬁé integration of more than one sensory mééality

and those which do not. The motivation for this research
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and the methodology used to approach the fundamental problems
involved in the modelling of vestibular-perception-are
discussed in this chapter followed by & brief i;troduction

to the contents of the remaining chapters.

1.1 Motivation for Rescarch

The products of modern technology, especially those
associated with the advancements made in aerospace vehicles,
have engendered a rapid increase in the need to understand
man's reactions tb motion-énvirﬁnments which are completely
alien to his pre-twentieth century experiences. Obvious
examples of such environments are the prolonged zexro-g
environments made possible by space vehicles and the rapidly
varying high g environments of modern military aircraft and
rocket launch vehicles. Less obvious but egually important
arc man's reactions to the motions arising from commercial
and general aviation aircraft, ships, tall buildings (sway)
and motion based simulators. Since the vestibular system is
man's primary non-visual inertial orieﬁtatiom sensor, its
central importance to any understanding of man's capability
to function effectively in these motion environments isl
clear.

If a model of stimulus detection is developed

for vestibular perception which is capable of giving reasonable
cstimates of the detection probabilities as a function of
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time for arbibtrary ncar threshold stimuli thén predic£10n5
can be made which have significant importance for Sevéral |
seemingly unrelated problems. Among the most promineht 6f
these are the following:
1. How does one maximize the fidelity of a motion-'
based simulator while minimizing:the requirements
for translational motion Qo that simulator costs can
be reduced? While the techniques involved'iﬂ
optimally htilizing a given amount of 1atéra1
motion capability can become guite sophisticated
a thorough understanding. of the dynamics of threshold
perception ié necessary if maximum fidelity is to be
"achieved;
and |
2. Wh@t arénthe’constraints‘whiéh must be placed on
the structﬁral motions of tall buildings to insure
the comfort.of the buildings' occupants? This question
s of'grdat:impdrtance in the design of‘talirbuildings
~since that design. (and theféfore the qonstruction
cqsts)'will.be véry‘sensitife'to the'consﬁraints
imbosed. Since these motions are typicallj guite
small it isfnecessafy to havéra general quel for
thé,detectioﬁ of near threshold motions if reasonable
ﬁradé offs are to be made. |
The need for a model to predict'the subjective\pérception

of dynamic Oricnthtion for suprathreshold stimuli which
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involve stimulatioh of both the semicircular canals and the
otoliths is even gréater. Such a model could be used to
study postural control, to evaluate the ride guality of a
wide variety of transportation vehicles, to predict the
reactions of pilots during unusual maneuvers, to predict
the incidence of motion sickness, and to evaluate many of
the illusions of motion or orientation which arise due to
unusual g forces or sustained rotations. In addition, the
development of such a model draws upon and may contribute
to knowledge of sensorffneural physiology . For example
investigators who.are studying the neural processing centers
of the brain may find interesting parallels between the
interactions of sensory information they discover and the
mathematical transformations required by the model. If
the time comes that a one-to-one correspondence can be made
between a mathematical model of man's perceptual responses
and the processcs seen in the brain then it might be possible
to predict the site of neurclogical disorders based upon

the response of patients to controlled stimuli.

1.2. Approach to the Problem of Vestibular Modelling

Since this research is concerned with the processing
of information which is relevant to the perception of
dynamic orientation it is important to elucidate carefully

exactly what information is being considered. While the
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problem of integraﬁing the aignais available from every
sensory system which provides information pertinent to the
perception of dynamic orientation is an important one,
it is a task which, due to its extremely broad scope must
await the solution of more restricted problems.  The models
.deve10ped in this thesis exclude any information ggined
from non-vestibulér sensors during the time of stimﬁlus
exposure. Specifically excluded afe visual, tactile, pro-
prioceptive, kinesthetic and aural information. Information
gained ﬁrior to tﬁe stimulus exposdre is considefed'g priori
information and in most cases can be handled by the'general
mathematical frameﬁork of the models if care is taken to
account fully forﬁthe nature of that information and how it
is éffected by any pre-stimulus instructions. In addition
to a priori infofmation the higher centers have at their
disposal two other types_oflinfOrmation._ The fifSE-of.these
is the afferent signal available from the vestibular sensors
which ﬁﬁst.be ﬁroceséedfto'obtain the perceptuai estimates of
orienﬁéﬁion{ To’pfocess these sensory signals and to mix
them optimally with the a Qricrifinfdrﬁatiqn fequires scﬁe
knowlédge of ‘the proéessés which give rise to the afferent
lsignals. ‘It is this knowledge (which includes an internal
model of both the Sénsory dynamics and the measurement noise
procésséé) that completes the information base avaiiable to |

the higher centers.

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR _,
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In the procens of developing models for the information
available from the vestibular sensors and for the processing
of that information by the higher centers a number of issues
arise which can be dealt with as methodological prxoblems.
Several of these issues will be dealt with here as illustra-
tions of the approach to perceptual modelling taken in this
rescarch. ‘

One question which arises immediately in any modelling
effort concerns the criteria which will be used to select
tho form of the model and its parameters. The answer to this
question depends on the amount of,knowiedgé available about
the physical system being modelled. Since a significant
amount of quélitative and quantitative knowledgé is available
concerning fhe mechanical and afferent dynamics of the
vestibular sensors this information will be used as much as
possible in modelling their dynamic response. On the other
hand the knowlcdgé‘available about the internal structure
and organization of ‘the central processor is much more
limited. So much S0 in fact that any attempt to develop a
viable model of subjective perception as a function of‘afferent
responses based uﬁon the known neurophysiological structure
of the brain would probably be fruitless. Upon what information
then can a model of the central processor be baseé?: In any
modelling effort in which the physical structure is considered

completely unknown, a "black box" approach is taken to produce
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a model which is consistent with the known responses of the
gystem to selected inputs. In this case it is reasenable
to presume that the neural net which formslthe centrel
processor has evolved to use the available sensory informa-
tion in a roughly optimal way. This assumption of optimality
serves to suggest the form of the processor and eliminates
any problem of non QDiqueness {the fact_that more than one
processor might have been capable of producing the required
predictions}). The model which proceeds from this assumption
of optimality must then be checked against the known output
of the syétem—~nameiy the subjective resPonses determined
from ﬁsybhobhfsical experimehts; | |

Another problem which arises involves the issue of
efferent 51gnals from the hlgher centers which may dramatlcally
alter the afferent response. The mechanism by.whieh efferent
discharqges affect afferent'respdnses is, as of yet, unknown.
wWwhatever that mechanism, 'if the transfermation of the
afferent signal has a unique inverse then the point of view
taken in this research is that the total 1nformat10n avallable
to the higher centers concerning the dynamlc orlentatlon
" of the head is unchanged since the higher centers 1n1t1ated
the efferent signaland are aware of‘its effect on-the
afferent response, Since the goal of this research is to
develop a medel of the available afferent vestibular informa-

tion and its subsequent optimal processing by the higher
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centers any invertible.alteration of the afferent information
will not affect the modef; predictions and therefore can be
ignored in the devélopment of the model.

Finally the problem of active versus passive head move-
ments is an issue which deserves attention. Since an active
movement of the head is initiated by the higher centers,
the resultant motion (to the extént that it can be predicted
open loop by the higher centers) is available as a priori
knowledge. Therefore the equivalent information awvailable
from the peripheral sensors is redundant and adds nothing
to the a priori knowledge available to the higher centers.
Since the open loop estimate of head motion is bound to
contain some erxors the afférent response from the peripheral
sensors should be used to check these a priori estimates. One
way to accomplish this is to take the difference between
the oxpected sensory response (based upon thé'open loop
estimate of motion and the internal model of the sensory
dynamics) and the actual sensory response. This is one inter-
pretation of the corollary éfﬁnfntdischarge or "efferent copy."
The resulting signal can then be prbcessed to estimate the
errors associated with the movement. The models deve loped
in this thesis should therefore only be used in an error
correcting mode for motions which are initiated by the

higher centers.
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Additional problems similar to those described above
arc dealt with in a similar fashion when they arise in the

course of developing the models.

1.2. Thesis Organization

Chapter Two summarizes the structure, function_and
orientation of the semicircular canals and the otoiiths.

Chapter Three derives a model of the information available
at the firsﬁ order afferent level of both the semicircular
canal system and the otoliths. These models are then coupled
with optimal estimators to yield pfedictions of subjective
‘perception for siméle nonintefacting étimﬁli. |

Chapters Four, Five, and Six develop'modéls for the
detection of near threshold stimuli. Chapter Four describes
an expgriment which was copducted to détermine the fundamental
mechanism'uﬁdérlying-thé threshold'phenomenon. Chapters Five
and Six dévelop dquantitative models for the detection proces-
ses associated with -rotational and translational,motions
respectively.

The seventh chapter investigates the illusipns of static
orientation.as arfunction‘of body.position:and the strength
of‘the'gravito-ihgrtial field.l A simplé mechanism_is pro-
posed which aCcufately predicts these illusions and indicates
that they most likely have a common orxigin.

The problem of integrating the information from both
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the semicircular canals and the otoliths to arrive at a
single set of preceptual responses is invegtigated in Chapter
Eight. 2 modd of sensory integration. is proposed which can
be used either qualitatively or guantitatively to predict
the subjective percéptions associated with interacting
stimuli.

Finally Chapter Nine sumﬁarizes the conclusidns which
can be drawn from this research and suggests possibiiities

for further experimental and‘analytical investigation.
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Chapter II

THE HUMAN VESTIBULAR SYSTEM

The purpose_éf this chapter is to introduce the reéder
who is unfaniliar with the vestibular sensors to the
basic structural-organization and physiologic function
of these organs. A more in~depth introduction is available

in references 9,61 and 89J.

2.1. Semicircular Canal System

- The semicirgular canals are the primary nonvisual sensors
of rotational mqtioﬁ with respect ﬁo inertial space. They
consist of three approximately circular torcidal canals
whose axes form a'foughly orthogonal éet. The membfanous
canals‘are suspended in a fluid (perilymph) in the temporal
‘bone éf the skull édjaCEnt to the auditory portion of the
inner car. Figu;e 2.1 illustrates the entire inﬁer:ear (in-
cluding vestibular and auditory portions) and Figure 2.2
indicatcé the orientation of the canals relative to the head.
The semicircular caﬁals are filled with a water-like'fluid
called endolymph‘which, due to its inertia, tends to lag
behind the motion of the canal walls when the heéd,undergoes
anqular acceleratioﬁ. when the endolymph moves re;ative to the
canal it tends to displace the cupula which obstfucis an
expanded section of the canal called the ampulla. This dig-
placoment of the cupula is detected by sensory hair cells at

tne base of tne cupula which in turn produce a change in

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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Figure 2.1 Diagram of Luman Inner Lar
(Abbott Laworatories Ref. 1)
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the firing frequency of the first order afferents which
provide information to the central nervous system. Figure 2.3
illustrates this process for the horizontal canal. All of.
the hair cells associated with a particular canal have the
samce polarization, i.e., displacement of the cupula due

to endolympﬁ.flow in one direction will either excite all

of the sensory hair cells or inhibit them all,

Since the canals on the right side are esgentially
coplanar with the canals on the left side they are pairwisé
sensitive to angular accelerations about the same axes.
Investigation of the afferent responses of tliese sensors
indicates that a pair of canals which are sensitive to acceler-
ation about the same axis (e.g. the right posterior canal and
the left superiof canal) have opposite sensitivities {see
Figuve 2,2B), so 1t is presumed that the higher centers
respond to the difference of their responses. The detailed
dynamic response of the afferent firing of the semicircular
canals to an angular acceleration of the head is discussed

in section 3.1.

2.2, 0Otolith System

In addition to the semicircular canals, the nonauditory
portion of each inner ear contains two otolith organs which
are seéngsitive to changes in the gravitoinertial reaction force

traferred to here as specific force). . The approximate

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR
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location of cach of these organs, known as the utricular
otolith and the saccular otolith, is shown in Figure 2.1.
Each otolith organ contains & gelatinous layer interspersed
with calcium carbonate crystals and supported by a large
numbor of sensory hair cells. Since the calcium éérbonate
crystals (known as otoconia) have a higher specific gravity
than the surrounding fluid (endolymph) an appropriate
accleration of the head will tend to shift the

otoconia reiative to the bed of sensory cells (known as

the macula). When this shifting motion occurs the sensory
hairs are bent and the afferent fibers which innexviate these
hair cells change their firing rate. Figure 2.4 illustrates
the basic structure of the otoliths.

‘Motion of the otoconia parallel to the bed of sensory
hairs (in Figure 2.4: motion right and left or ihto and out
of the page) is normally assumed to be the effective agent
in ¢liciting a change in affcrent firing. The utricles are
oriented such that the major plane of their sensitivity is
parallel to the plane of thoe horizontal semicircular canals.
The saccular organs are oriented so that their plane of
sensitivity is perpendicular to thc horizontal canals (and
tnerefore the utricles) and roughly parallel to the
median planb. Figure 2.5 illustrates the approximate orienta-
tion of tho otolith organs. Ualike the semiciréular canals,

the hair cells in the otolith organs do not all have the
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Figure 2.4 Cross Section of Otolith Organ
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Figura 2.5 Orientation of Otoilth Organs
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same dircctional polarization. TFigure 2.6 illustrates
the general morphﬁlogical distribution of hair cell bolari—
zations fof the utricle and saccule, The directional
distribution of polagizations in the utricle ig reasonably
uniform énd thusrthe'utricular otolith can be considered
approximately equally sensitive to shear forces in any
direction in the utricular plane. The distribution of
‘polarizatiqns in the saccule is much more restricted, with
the major axis of sensitivity roughly perpéndicular to
the ufriqdlar plane. Therefore the sacgule can bé considered
as an accelerometer sensitive to changes in the séecific:force
pérpéndicular to the average plane of the utricles;: 

The detailed dynamic response of the otolith afferents

is discussed in section 3.2.
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Figure 2.6 Mornnological Polarization Mapa for the
Saccule and Utricle of the Sguirrel Monkey
iAfter Lindeman, Ref, 42;
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Chapter I1III

MODELLING OF FIRST .ORDER AFFERENTS AND RESPONSE TO

NONINTERACTING . SUPRATHRESHOLD STIMULI

The purpose of this chapter is to develop models c£ the
sensory information avaiiable at the first order afferent
levei for both thé semicircular canal and‘the otolith systems.
The resulting models will serve'aa the informational link be-
tween the true motion with respect to inertial space and
higher processing cénters in the brain. Since we take the
view that the higher centers have most likely evo}ﬁed_as op-
timal or near opﬁimal processors of this information, a
specificatioﬂ of the relevant sgensory dynamics plays a major
role in detérmining the overallldynamics of the subjective
responée to vestibular stimulation. Once the first order
afferent response is modelled for each of the vestib‘ular‘ sen-
sors and these models ére coupled with reasonable mOdelé of
process noise (which rebresent the a priori information con-
cerning the statistical nature of the expected input) and
measurement noisé, then the optimal processor can‘be formu-
late&'and predictibns made concérning the subjective response
B e ﬁoninteractinq supratinreshold stimuli. The phréée "non-~
7 interacting supfathrcshold stimuli® refers to any Supra~

threshold stimuli which involves no change in the orientation



i
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of the subject with respect to the gravitational vertical
and for which the subject is consciously awafe that no such
change will take place. Generally, this means rotations
which are performed about an axis parallel to the local g
vector and accelerations which are performed in a device
which the subject knows is incapable of rotations out of
the vertical, The reasons foxr these limitations will be-
come clear when stimali not meeting thils description are

considered in Chapter Eight.
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3.1 Semicirculax'canals

The specification of afferent dynamics for the semicir-
cular canal system is divisible into several parts. The
first involves a modelling of the mgth&niéai movement of the
cupula within the ampﬁllary lumen. .The éecond pért of the
specification concerns itgelf with how this mechanical.movej
ment is reflected in the neural firing rate in the first
afferent nerve, Finally, an assessment must be made of that

portion of the afferent signal which is found to be indepen-
| dent of the stimulﬁs input and which therefore is considered
to be méasurement‘hoise in the context of this modélling

affort.

3.1.1 Dynamic Response of Cupula

The structure and fundamental mechanical operation of
the semicircular canal is described in section 2.1 and illus-
trated in Figure'2.3. Two forces act.to accelerate the endo-
lymphatic fluid‘(Which f£ills the canals) with respect to
inertiail space.__The first of these is a viscous drag which
is proportional to”the'rate of movement of the fluid with
respect to the walls of the canal. The secbnd is presumed
to e a linear elastic restoring force which arises from the
spring-like tendency of the cupuia and/or the membranous

canai to maintain its resting position or shape.

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR_
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If it is asgsumed that for normal physioclogic motions
no endolymphatic fluid is aliowed to leak between the cupula
and the inner wall of the ampulla, then the amocunt of move-
ment of the cupula is proportional to the angular motion of
the fluid with resﬁact to the canal walils. This assumptrion
seems to be warranted on the basgis of observations by
Steinhausen (Ref. 66 ) and injection micrographs performed
by Groen, Lowenstein and Vendrik (Ref. 32 5. Usiné-this
assumptiqn, the motion of the endolymph relative €0 the canal

can be expressed as follows:

M(Qec + Oci} = —V@ec - Keec (3.1)

where @ec = angular deflection of the endolymph with re-
spect to the canal =
Bci = angular position of the canal with respect to

inertial space about an axis normal to the

plane of the canal

M = moment of inertia of the endolymph
Vv = coefficient of viscous drag
K = ¢oefficient of linear restoring force due to

displacement of the fluid within the canal.

Equatior 3.1 is referred to as the torsion pendulum
model and was first developed {using different conventions)
by Steinhausen (Ref. 67 ) after observing the motion of the

cupula in the pike. The equation is arranged to illustrate
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that the accéleration of the endolymph with respect to the
‘inerfiél space (aéé + 601) is due to the sun of a viscous
: &rag'force (mvéeci and an elastic restoring force (—KGec).
Eguation 3.1 is time invariant and can be Laplace transformed

to yield the following transfer function relating endclymph

displacement tc acceleration of the canal (uci(sflﬁ

eects) '-Oec{s)

s“0_; (s) o (8)

-1 - (3.2)
s e (D
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Available evidence indicates that the system is over-

damped and % <<,§1 Therefore equation 3.2 can be approxi-

mated by
eec(S} o -1
e = % 7 (3u3)
gy (8) st G st
The-short time constant, T, = %, can be calculated from

hydrodynamic considerations if the Navier Stokes equations
for the canal/cupula system can be solved. Steer (Ref. 65 )
solvedlthese eéuations for a somewhat simplified gituation
"and concluded that to first order the short timg con-
stant should be prowortional to the endolymph density, the
sguére of the canal's minor radius and'inverSEly proportional
©o the erndolymph viscosity. Using the results of Igarashi
et 35 3 fox the toroidal radius'yields an estimate of

2. 0U5 seconds for the short time constant in man.
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The long time constant, T = %, has been estimated at
approximaﬁely 10 seconds using subjective responses {Ref., 68 )
and approximately 16 seconds using ﬁystagmus records (Ref, 33 )
following step changes in angular velocity. Calculations of
T, using the audiggyral ililusion {Mayne, Raf. 49 ) yield
values from 8 to 11 seconds. The difference between these
estimates may be pkesumed to be due to adaptative processes
which are more active in the subjective pathways thanm in those
associated with nystagmus (Ref. 78 ). The adaptation dynamics
will be discussed in the next section, but the imﬁortant
point to note here is that neither the subjective reports
nor nystagmus are merely a consequence of the mechanical
movement of the cupu.a described by the torsion pendulum
moael. Therefore any estimate of the long time constant for
the torsion pendulum model which depends on subjective
responses must also include the possible effect of neural
processing. If thé presumption were made that no nsural
processing takes place in the vestibular-ocular pathway and
thus that vestibular nystagmus coirectly reflects cupular
motion, then we would set the long time constant at approx-
imately 16 seconds. In fact, nystagmus slow phase velbcity
records taken from subjects exposed to steps in angular
acceleration do seem to show weak adaptation (Young and Oman

KRel. ©2, Maicolm and Jones Ref. 48 ) and thus 16 seconds
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might be considered a lower bound. Schmid, Stefanelli and
Mire (Ref. 62 ) calculated the value of 7 by fitting a
model for the vestibular-ocular dynamics which includéd an
- adaptation term of the form TAS/(.hS + 1) to nys#agmus_records
and found the best fit when. T = 61,1 seconds and T = 18.2
seconds. Based on this work and its agreement with pre-
viously cited works, we havé chosen a value of. 7 = 18 seconds
as a good estimaté. | |

Up to this point, the descriptioh of cuéular motion has
been purposely képt vague; It is clear that if the endolymph
moves within a riéid canal, is incompressible, and no leakage
occurs around the cupula, then the cupula must mové in such
a way as to sweep out a volume eéual to the net voluﬁetric
displacement of the endolymph. The ciassical description
of this movement is that of a swinging,motion in.which the
cupula slides fréely against the ampula wall and bends near
its base at the crista. This description was suﬁported_by
Dohlman's experiments in which the cupula stained Qith china
"ink, was observed while pressure was &ppliéd unilaterally
to the fluid ana'thén released (Ref. 23 ). While fﬁis
srocedure might indicate that such motion of £he cupula'is
possible under application of the pressures employed in this
éxperiment, it can not be inferred that such motions occur
during normal physiclogic movement of thelhead. JSteédy state

pressurc diffcrences across the cupula have been estimated
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by Oman and Young (Ref. 59 ) to range from

4

1.25 x 10 dyne/c.m2 at threshold (019/5662) to approximately

2 dyne/cm2 for steps of 30°/sec2° Using a short

3.8 x 107
time constant of 0.005 seconds and a long time constant of
20 seconds and presuming a rigid body rotation of the cupula
about the crista, they calculated_alsteady state deflection
of 0.025 degree for a sustained gtimulus of 30°/sec2, It
is clear from these calculations, even if they are only
correct within an order of magnitude that the cﬁpula motion
observed by Dohiman must have resulted from distinctly non-
physiological pressures. Oman and Young concluded on the
basis of these results that the g¢upula might move angularly,
linerély, or both. It should be noted that a linear move-
ment of the cupula would give superiox sensitivity since
for a given displacement, it would be more effective in
oending the sensory hair cells. |

In summary we can conclude that the diéplaceﬁent or
bending of the sensory hair ceils, which is the effective
agent for illiciting a change in afferent firing rate, should

be related to angular acceleration of the head as follows

dair cell deflection ® ;ﬂ:l{ ~a{s) i (3.4)
t&s+l} ('%s+l)
whiere ' g = 0.005 sec
TL = 18 secC
o > —1 b " : . - .. -
&G ai_ indicates the inverse Lapiace Transform

Operator.
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A proPOrtional relationship is sufficient for our
purposes at this point, since the overall gain from head
acceleration to firing rate can best be estimatgd from
‘?ecoxds of afferent firing which will be discussed in the

next section,

3.1.2 Afferent Processing and Random Signal Variations

The most desirable data upon which a model of afferent
vestibular responseg in humans could be based woﬁld, of
course, be in vivo recordings in the canals' affereﬁt nerve
in humans. Since man is not suitable for experimental surgery,
such data is not and may never be available. There are two
other sources of data which can be used to make'réasonable
estimates of afferent processes in man. The first of these
consists of psychdpbysical data taken from human.éubjects,.'
which of coﬁrse Qiil include whatever dynamics arelpresent
in the afferent processing. The second source is recOidings
of peripheral afferents in animals. - The sum of data f;om |
'these two sources is not sufficient to argue conclusively
that a particular dynamic effect is peripheral in man, but
if such an effect is seen in human‘subjective responses and
is also present in the afferent recordings of animéls which
arc phylogenicallyusimilar to man, then such a conclusioh

scems reasonabile,
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An analysis of vestibular nystagmus and reports of sub-
jective perception of rotation indicate the need for dynamics
in addition to the torsion pendulum model to account for rate
sensitivity and adaptation. The need for rate sensitivity
shpws up principally in cases when there are abrupt changes
in the rate of rotation, Nashner (Ref¢54,55)in studyling
human poStural control, found it necessary to include a small
lead term (.017s + 1) in the semicircular canal dynamics to
predict the response times of subjects exposed to large im-~
pulsive stimuli. A behavior consistent with such a rate
sensitivity was seen by Benson (Ref. 6 ) in analyzing nystag-
mus records for sinusoidal stimuli between 0,01 Hz and 5 Hz.

" A consistent increase in amplitude ratio for vestibular
nystagmus was unexpectedly observed starting at about 0.5 Hz.
An increase in the amplitude ratio of 3 db is seen at approxi-
matcly 2.6 Hz which would imply a lead term of the form

(0.068 + 1),

The phenomenon of adaptation is much moré clearly evident
in subjective reéponses than is rate éensitivityq Adaptation
can be thought of as a fatiguing of sensation which occurs in
addition to that which arises due to the long time constant
of the torsion pendulum model. As an example, the torsion
pendulum model predicts a steady state sensation of constant
velocity in response tc a sten in acceleration while sub-
jective data (Ref. 14,35 , ird.cactes a gracual decline in the

scnsation of veloecity. For steps in angular velocity, sub-
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jective data and nystagmus data {Ref. 2 )} indicate not only
a diminishing of.ﬁé9ponse to zero (consistent with the torsion
pendulum model) but alsoc a reversing of the response. Finally,
as noted in the previous section attempts to f£it the torsion
pendulum model to‘tﬁe responses from impulsive velocity
changes yiélde&_different iong time‘constants for subjective
and nystagmus data. Young and Oman (Ref. 82 ) we#e able to

account for this behavior by adding an adaptation operator

of the form

30s
0s + 1

to the subjeoﬁiﬁe pathway and

120s
120s + 1
to the nystagmus pathway. The difference in adaptation time
accounts for the aiscrepancy in estimation of the iong time
congtant.
Combining the terms proposed for rate sensitiﬁity and
adaptation, we C6nclude that in addition to the torsion

pendulunm model, we should have dynamics of the form

TAS(TRS

{3.5)
(TAS +1)

+ 13

Tg = -U17 seconds (lead time constant)

T, = 30 seconds (subjective adaptation timé constant)
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To decide if it is reasonable to ascribe these dynamics
tc the peripheral afferents, we must resort ﬁo data taken from
the first order afferents in animals. Lowenstein and Sand
(Ref. 43, 44) and Groen, Lowenstein and Véndrick {Ref. 32 )
macde recordings in the vestibular afferent of fhe thornback
ray. Groen et. al. made recordings in the isolated end organ
to preclude the possible effects of efferent innervation.
These experiments confirmed the fundamental featuréé.of the
torsion pendulum model, but make no comment regarding addi-
tional rate sensitivity or éaaptation, The most thorough
study of the vestibular afferents in a mammal were conducted
by Goldberg and Pernandez (Ref. 27 ) using the squirrel monkey.
in these exﬁeriments a thorough evaluation of afferent responses
to constant. angular accelerations and sinusoidal stimuli was
made. The firm conclusion reached was that significant rate
sensitivity and adaptation was present in a large percentage
of the cells studied. After eliminating the dynamics which
can be attributed to the mechanical operation of the endolymph
cupula system, Goldberg and Fernandez found afferent dynamics
of exactly the same form as those given in 3.5. . They found
that 1, ranged from ,013 to .094 seconds with a mean value of

R

.049 seconds. T, ranged from about 30 seconds to infinity
{no adaptation) with a typical value being &9 seconds.
It is clear from these results that the attributes of

both rate sensitivity and adaptation are present in the peri-
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pheral vestibular ﬁeurOns of the squirrel monkey. Since these
effects, with roughly the same time constants, are observed

in human subjective responses we will also consider them to be
present in the afferent processes of the human vestibilar
systemf In addition to the afferent response which depends
upon the fotétional'stimulus there is a spontaneous afferent
discharge and a noise component which is essentially indepen-
dent of the stimulué. Adding these terms we arrive at the
model_fér afferent firing rate shown in Figure 3.1. A very
éonéervative.figure was choéen for the rate time consﬁant_rR
_since its existence in subjective responses is‘veryidifficult
to detect and because it is possible that the most rate sensi-
tive cells would be used mainly for eye stabilization and con-
sequently Qn1y'show up in nystagmus records.

The conétahts H ahd F (see fig.l3.l) have not been deter-
mined separately but the product HF can be calculated based on
the magnitude of the'afferent‘respbnsa.to arcontrolled stim-
ulus. Afferent data from Ref. 27 ‘indicates that a typical
initial response td'a step in velocity éf 1 deg/éec_(approxi—

" mately .0i75 rad/QEC) is about .55 impulses/sec. Sﬁbstituting
the values for the time constants into the model aﬁd ﬁsing

theé initial value theorem we obtain a value for i of —6303;
The sign of HF can be considered arbitrary as long aszthe
processing cénters in the brain interpret the sign correctly.
mne value for thé spontaneous discharge (SFR) is of little

consegquence for our purposes since it is preswaed that the
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higher centers only process differences from the resting

1e§e1, but for completeness we will assign a valueiof'so ips
which is typical of the cellsseen by Goldberg and Fernéndez;
Lastly, we must.address the problem 6f speciffigg;the

statistics of the afferent noise, n. The presumptioh‘is made
that n is a stationary, gaussian procéss with zerc mean. No
information is available concerning the_autocorrelation of n,
- but the variance of n for different afferent cells has been

- calculated. Goldberg and Fernandéz show a histogram for the
coefficient df vafiation (cV) for 142 differen£ célis; The

CV for a particular unit is defined as

24

Elfz{(gT - E{aT})
E{AT}

CV = (3.6)

P
where AT = time in-msec‘between impulses
and E{x} denotes the expected value of x.

CVs.variea from about 0.03 to as high as 0.64.  The distri-
bution of CVs showed a sharp peak arbuqd cv % 0.06 with two
thirds of the units falling below CV = 0.25. If the higher
centers were capable of distinguishing between regu}ar and
i:reguiar units then'it would be reasonable to assume that a

sreater weighting would be placed on units with regular dis-

o

[ 2

-~

charge patterns., For this reason, a value of 0.06 will be"

used as the coefficient of variation typical of the most regular
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cells found (= 1/3 of the total population). Using this value
we can calculate what one standard deviation in firing rate

would be for a typical cell.

90, = 5.1 ips (3.7}
cacek (Ref. 26 ) estimates that there are approximately
;2,090 afferent fibers in the vestibular nerve of the cat.
Since this wouid include the otoliths and all three canals
a figure for one crigta of 2400 would be reasonable, The
equivalent one channel representation of a 2400 channel system
zach with independent additive ndise of magnitude o, would be
one channel with
Y/ 2m%(t)] = o//3%00 (3.8)
This reduction in ¢ must be tempered by the following consid-
erations
1} We chose CV = ,06 which was representative of the most
regular 1/3 of the total cell population and thus the
value of 2400 should be reduced to approximately 800.
2) We presumed in the above analysis that the noise on
each channel waé independent of the noise on the other
channels. - If the noise were exactly the same on each
channel then there would be no reduction in effective
noise at all. What the actual correlation might be
is unknown but it is not unreasonable to assume that

some correlation exists (especially if the noise were

related to random movements of the cupula).
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and finally
3) We cannot assume that the higher centers are.perfect
in their ability to weed out irregular cells or in
‘their ability to combine the resulting regiular célls-
in such a way as to minimize the effective hoisellevel,
In chapﬁer \' the-noise level necessary to yield 75%
cprreét detection for the case of experimentally &etérmined-
threshold stimuli is calculated based on a near o?timal model
of the detection capébilities of the higher centers. This
results‘in value of El/gtnzl equal to ,223 ips which is
lréughlyuéquivalent to 520 independent channels eadh with a
ncise standard deviation_of 5.1 ips. In light of the conéidw
erations listed ébove thils seems to be a_reasonablernoise
reducti@n capability} | | ‘
The results of thié chapter, to this point,'hén be sum-
‘marized by the following model bf.afferant firing in response
to a rotétion.stimulus:

|

w(8) + SFR +n(t)

Rate (3.9)

afferent i—l{(S‘?.B) 30052 (. 01s+1)
{ips)

Firing
(18s+1) (. 005s+1) (30s+1)

- ,) ) “ ) B
Y% % (6)] =223 ips
w{s} = rotational rate normal to the plane of the
canal (rad/sec).

. SFR = gpontaneous firing rate (ips)
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3.1.3 Optimal Procedsing and Model Predictions

Now that a linear model is available For the afferent
firing rate, it is relatively easy to develop a model for the
pfocessing done by the higher centers. A&An optimal estimate
can be formuiated for any linear combination of the‘internal
states of the sensory dynamics if the processor receilves
periodic measurements of the afferent firing rate and has a
knowledge of the sensory dynamics and the statistical char-
acteristics of both the measurement noise and the input pro-
cess. So far we have specified models for both the linear
dynamics and for the measufement noise but we have yet to
model the processor% a priori knowledge of tﬁe stimulus.

Once this is done the optimal processor can be formulated and
the entire system iﬁcluding cupula dynamics, afferent‘dynamics
and processing dynamics can beltested and its predictions
checked against sunjeccive responses.

it is reasonable to postulate that in most situations
where a person is exposed to passive motion he has some esti-
mate of the magnitude of the motion whicﬁ he expects to ex-
perience and to a lesser degree an idea of the motions fre-
guency context. One model for the subject's a priori information
which incorporates both of these notions quite simply, con-
sists of a first order filter driven by white noise. This
is equivalent to modelling the stimulus as an exponentially

correlated process. The only parameters to be specified
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in such a model are the filter's cut off frequency and the
magnitude of the white noise. Figure 3.2 illustrates the
.higher centers’internal model of the input statistics which,
tag;ther with a model of the sensory mechanlsm descrlbes

the afforent firing whlch the processor samples periodlcally
One way to communlcate to the mathematlcs of our model that
very 11ttle is known about the frequency content of the stim-

ulus is to make T, small and thus render the bandwidth of

I
the inéut spectrum.Very large. With this in mind-'& is set
to a value less thah or equal to one second. Q(t) is typi-
éally‘set to . a cdﬁstant such that the expected standard de—‘

' viétion of the input process given by Q/Jf?? is eséentially

of the correct mégﬁifude for the actual stimulus being tested.
Sétting @ to a Qalué which correctly represents the-stimulus
magnitude can be justified both on the grounds that one usu-
ally has a reasonably correct egstimate of the magnitﬁde of

incipient motions. and on the grounds that an approximately

W(s) 1 w{s}
.8 + 1 o

0

]

S{W(t)W(t)} = Elw(t)]
if Q(t) = Q then

Qe it e :
Efw(ty)w (t,)] =

2

2 ~lEtyl
9__.'—"*"-——&-
2?1 -1

Figure 3.2 Internal Model of the Stimulus Process
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correct value for Q could be inferred on line based upon the

level of afferent firing.

Formulation of the optimal estimate is most conveniently
oresented if the mathematical notation is changed from the
frequency domain (Laplace transform notation) to the time
c¢omain (state vector notation}). The processor's internal
moael of the processes which give rise to the aiferent firing

from the semicircular canals caﬁ then be written as follows:

x{t) = A x{t) + B W(t)

{3.10)
y(t) = C x{t) + SFR + n(t)

where x(t) is a state vector which represents the state
of the canal-stimulus system at time ¢t (4 dim)
y(t) is the afferent firing rate at time t (scalar)
W({t) is the white input process shown in figure 3.2
SFR is the spontaneous firing rate (90 ips)

and n{t) is the neasurement nocise.

The choice of A,

iw

and C used to répresent a given lincar
system is not unique. Figure 3.3 illustrates the state sﬁace
realization used here. The standard controllable realization
iRe. § ) is used to nodel the mechanical dynamics of the
cupula and the dynamics of the hair cells. xl(t),'xz(t).and
xait} represent the state of the sensor at time t. X,(t) is

the stimulus angular velocity in rad/sec.
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To simulate the process of perception of rotation on a
digital computer requires first, the simulation of the sen~
sor's response y(t) to a given input process wit) and
then a simulation of the processing by the higher genters of
v(t). After balancing the need for a sgimulation with good
L3nsory fideliiy and the need for reasonable comgutational
&ffibiency it was decided to update the @tate of the sensor
every tenth of a second and to update the central processor's
estimate of the rotational rate, Q(tjq every second. The cen-
tral processor is now faced with the problem of estimating
wlt) = x,(t) given the measurement history of the afferent
firing rate y{t), y{t-1}, y(t-2) ... .¥(t~n} o000 The minimum
mean squared error {mnse) estimate of x(t} is given by the

following sequential filter (called a Kalman Filter, Ref. 41

36,76} .

x(t, ) = QA(tn’ﬁn_lliitn_l) +

R(e) [ (y (k) -STR) = ggattn‘”tn-]ja(tn.-l’} (3.11)

where g, (t ) is the state transition matrix

n, tn~l
for the system given in 3.10.

and K(t_; are the Kalman gains at time ¢ .

Since the sensory dynamics are time invariant ¢t t )

call be expressed as Eﬁ{tn*tn—l) and can be caiculated as

follows
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_P=1 1y
g, m =L {(xs-A) ) (3.12)
where A is defined by equation 3.10 and figure 3.3

The optimal estimate x(t ) differs from the true state

x(t) by an error E(t ) which is zero mean and has a covar1~

~ance glven by:

e n . T : — - -
Bt = Eii(tn)-é (tn)} = (L K(t JCIBT (t ) (3.13)
here E'Ltn) is the covariance of the processor's know-

ledge of g(tn) given all past measurements of the afferent
g'(tn) is given by

firing y(tn_l), y{tn_z)... but not y(tn).

Pr{t)) = iAit —t ~l)g(tn-l)gg(tn-tn?l)-

(t~t ;) |
¥ IQJA(T)B Q(TJBTﬁ(r)Jr | L Gae

o .
The Kalman gainﬁﬁ(tn),are calculated-from‘g?(tn) as

follows: ' ‘ -

K(t ) = 2'(tn)g{glz'(th)f;T + E!n”(tn)]} (3.15)

Although a fuli exploration of equations 3,11 - 3.15
caﬁnot be given‘here@ some motivation for the form of equa~
tions 3.11, 3.14 and 3.15 can be given. .
Equation 3.1l shows that the minimum mean squa;ed error

(mmse) estimate of x(t ) is made up of two terms. The first

. :

term g(t € _.)ix(t _.) merely propagates the optimal estimate
- ! -~ L .

at time t. .3 forward in time and represents the state which

would exist at time tn if the estimate ﬁ(tn_l) were errorless

and the systém had no inputs during the intervél'(tn_l tn).
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alternatively this term can be thought of as the best estimate,
of x(t.) based on the measurements y(t, _,)., y(tnmz),,o,n
The second term represents the difference between the ex-
pected afferent signal [E[(y(tn) - SFR)/y(tnwl)f,avoj =
g@étn,tn_l)%(tn_l)} based on the old measurements and the new
aeasurement of the afferent signal (y(tn) =~ SFR). This

second term therefore summarizes the relevant new informa-
tion from the latest measurement. Note that the afferent
signal is always measured from the spontaneous firing rate
{SFR) since SFR 1s independent of the state §(tn)a With

these interpretations of the terms in equation 3.11 the

Ka}man gains E(tn) can be interpreted as the weighting factors
which indicate the relative importance or usefulness of the
new information as compared to the old information in estimat-
ing the state vector at time tn'

P'(t ) given by 3.14 represents the error covarlance of
an cstimate of g(tn} based only upon measurements taken before
time t . The term &, (t - tn*l)g(tn#ljgittn“tn-l} represents
the covariance of the estimate error E'(t ) = x(t )} -

i(tn,tn-l)ﬁ(tn~l) due to the erxor El{t__;) = x(t__,) -
x{t _,) propagated forward in time. The integral term rep-
resents the covariance of £'(t,) arising from the unknown

stimulus during the interval (t t ).
n-1,n

Roughly speaking cquation 3.15 can be looked upon as the

F

racio of the variance of the old information divided by the

sum of the variance of the old information plus the variance
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of the new information. Note that the leading term is not
guadratic in C since the term which K(t ) multiplies in
equation 3.11 is already linear in C. Thus K(t ) increases
if E[ﬁz(tn)} decreases and therefore weighs more heévily_a
measurement with 4 smaller noise component., Alternatively
ﬁ{tn} decreases if P'(t ) decreases since this indicates that

the accumulated old information is relatively more useful
than the new informétion gained from y(tn).

Implementation of equations 3.11-3.15 is relatively
Siﬁple once it is recognized that most of the expressions can
be calculated in advance. For the simulations carrxied out
here measﬁrements_of‘the afferent firing rate are ﬁade avail-
able once every second which implies that 1=t -t , =1
second. Eguation 3512 is used to caiculate @A('t=.l} and the
:ésult ( a 4 X 4 matrix of constants) is stored for future
calculations. The_inﬁegral term in eguation 3.14 (call it

Prp(t,)) is also a 4'X 4 matrix of constants which can be calcu-

lated if Q(T} is known (see Figure 3,2).
| To start the“simulation one must have an initial state
estimate Q(to) aﬁd an associated error covariance for that
estimate, g(to). Between time t0 and the first measurement

of afferent firing at time t, the processor computer gf(tl)

1
from EA(T), g(toj and QI(tl) and then the Kalman gains E(tl)
from R'(ty), C and the variance of the measurement noise

E[nz(tl)]. Since we have only one measurement the inversion

ihplies simple division. Once the measurement y(tl) is avail-
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able equation 3,11 can be used to calculate the new estimate
g(tl) and equation 3,13 can be used to calculate the associated
error covariance P(t,). While waiting for the measurement
y(tz) the processot repeats the above steps calculating g”(tz)
and g(tz)y etc.

| In a real time application in which the measurement noise
variance E[nz(tn)] and input power Q{T) are known in advance

it is possible to precalculate g‘(tn)F ﬁ(tn) and g(tn) for

all future times t_, since they are independent of the measure-
ment y(t ). TFor systems which are asymptotically stéble and
for which the measurement noise n(tn) and input power Q{1 = Q
are time invariant g‘(tn); E(tn) and g(tn) approach conétant
values (denoted P'_, K and P_}. In such a case equation 3.11
becomes time invariant (upon substituting K, for K(tn)) and
represents the state space version of the Weiﬁer_Filter
(Re£.60,73).

Appendix I lists the calculated values for £he transition
matrices, Kalman gains, etc., which pertain to the simulation
of pcrception using afferent information from the semicircular
canal system.,

To test this model of suprathreshold vestibular percep-
tion a step in angular acceleration of l,5°/sec2 was simulated.
The stimulus was 6n for 120 seconds and then off for 120 sec-
onds leaving a constant rotational velocity of 180 degrees/
second, The response of the model (shown in Figure 3.4) peaks
approximnately 2? seconds after the onset of the stimulus and

decrcases to less than 10% of the peak response after two
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minutes. When the acceleration ceases the predicted percep-
tion yguickly chandes sign with a secondary peak occuring 28
seconds after the stinulus is removed.
Clark and Stewart (Ref. 14 ) and Guedry and Lauver (Ref.

35 ) have conducted experiments to determine the subjective

o
[ S 2

response for acceleration steps of 1.5%/sec”. Although the
data from these two experiments agree in a qualitative way,
there are significant guantitative differences between them.
Clark and Stewart show a peak response which occurs at approxi-
mately 35 seconds with essentially no response at 120 seconds
after onset. After the acceleration is removed (at 120 seconds)
a reversed response with essentially the same time course but
diminished in magnitude is reported. It should be noted that
a linear model will not predict a reduced secondary response
if the original response has stabilized at zero.

Data from Guedry and Lauver show a peak resgponse at about
25 seconds and an adaptation time constant of approximately
30 seconds (see ref. ?5 )+ One interesting aspect of tnis
data is that it indicates an initial rate of change of sub-
jective velocity equal to approximately 2.9 (degrees/second)/
second. This is almost twice the true rate of change and
would imply that the initial response to a step in angular
velocity would also be twice the true rate.

The response predicted by the model reaches an initial
peak at 27 seconds (consistent with Guedry and Lauver), ap-
proaches a negligible response at 120 seconds (consistent

with both sets of data), has a roughly symmetrical response
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after the step in acceleration is removed (dictated by its
linearity) and has a gain which yields an initial perception
of angdlar veloéity consistent with the true stimulus magni-
tude. | | |

In addition to the model's ability to predict subjective
Sensatioh for‘rotations,about an earth vertical axis, it has
a degree of flexibility not found in earlier models. ‘Since
all of the dynamic chéraCteristics observed in human subjec-~
tive responses are_aiso observed in the afferent recqrdings
made in animals the'model assigned these characteristics to
the human afferenf.f Conseguently it was necessary‘to postu-
late a high bandwidth'stimulus proceés so that the optimal
filter would not_bontiibute significantly to the overall dy-
namics ©of tne subjective response. If it were discovered that
-the'afferent dynamics in man were significantly different
than tné dynainics observed in man's subjective responses then
the optimal estimator model for the higher_centéfs might con-
tfibute to an explanation for the discrepancy. One example
of sensory process?ng which contributes significantly to the
overallldynamics of perception is the prbcessing of afferent
'signals.from the ctoliths which is described'in'the remaining

sections of this chapter.
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3.2 Otolith System

Specification of the afferent dynamics for the otolith
sensors differs in one fundamental respect from that of the
semicircular canal system. In the case of the semicircular
canals, definative data was available for the response of
mammilian afferents to dynamic stimulation while no similar
data is presently available for the otoliths, In this sec-
tion the afferent response of the otolith sensors will be
inferred from the. following information

(1) The general mechanical structure of the otoliths

(2) The data available on the static response of the

otoliths to a constant sheer force

(3) The limited afferent data available for dynamic

stimulation plus some qualitative comments re-
garding the nature of the afferent response seen
in the squirrel monkey by Dr. Goldberg (persocnal
communication)
and (4) The known subjective response to accelerations from
human subjects
coupled with the presumption that the higher centers process
tite afferent data optimally to yield a perception of specific
force. Specific force is defined to be g - a where g is the
local gravitational force vector, and a is the accgleration

of the body with respect to inertial space. Stated differ-
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ently, specific force is the gravitoinertial reaction force

per unit mass.

3.2.1 Division of Afferent Response ahd Higher Order Pro-

cessing

The basic mechdnlcal structure of the OtOllth sensor can
be modeled as a mass (the otolithic membrane) immersed in a
fluid (endolymph) and restrained by the springlike actlon of
its mechanlcal restralnts. Movement of the Otoconla which
is presumed to be proportional to hair cell displacement can
thus be described as follows: | ‘
Mx(t) = -Kx(£) = Vx(t) + M SF(t) (3.16)
where x(t)'islthe displacement of the otoconia from
their resting position |
M is the mass excess of the otoqonia‘qver an
équal volume of endolymph .
K is the effective sprihg constant of the sys-
| ‘@em;per unit displacement of the otoconia
v is the coefficient of mechanical and viscous
losses due to movement of the otoconia
and SF is the specific force-acting on the otoconia
pafallel to the plane of the macula,
Using Laplade‘transform notation we can soive for the
transfer function relating otolith displacement to specific

force:
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x(s)
2

SF (&) s“ + (3.17)

K
)

E%Qrd

An order of m&gnitude estimate can be made for the nat-
ural frequenCYUJn u='q§1based upon estimates of the displace~
ment of the otelith organ under the influence of a lg shear
force (the following procedure for estimating W, is due to
Younyg Ref. 83 and through personal communication with C. Oman).

Applying the final value theorem to equation 3.17 with
SF(s) = é we find that the steady state disﬁlﬁcemenf of the

3

otolith organ for a 1lg (10 cm/se02) stimulus is

x(=) = ¥ 10%em (3.18)
Two rough estimates can be made for this displacemento- The
first results from assuming that the sensitivity of otolith
hair cells is approximately the same as that for the semicir~
cular canals and thus the displacement of the otoconia must
be approximately the same at threshold as thegthreshold dis~
placement calculated for the cupula. Oman (Ref. 58 ) calcu-
lated the threshold displacement of the midpoint of.the cupula
to be approximately lo-Gcm. If this were the displacement of
the otoconia at threshold (approximately .005 g) then a 1lg
stimulus should produce a displacement of x(») = 2 x lQ"écma
Using this figure in equation 3.18 yields a value of 2 x 1077
forx % andg thus w, = {E? =~ 2240 rad/sec. The second estimate

for x(=) is given by deVries (Ref. 20 ) based upon X-rays of

the ruff sacculus., He found a steady state displacement of
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X{¥) = 7 x 10 %cm for a 1g stimulus. ‘This value for x(=)
results in an estimate of W= 374 rad/seco.

" Although these estimates differ by a factor of six they
both confirm that the natural frequency of the sensor shoula‘
be at least an order of magnitude above the highest frequehcy
normally associated with vestibular stimuli. With this estab-
lished we can now demonstrate that theltransferfunction in
equation 3.17 can be‘represented as either a pure gain or at

riost a simple lag over the freguency range of interest,

]
we (0, n}.

e—a,

10
Figures 3,5A and B show the Bode amplitude ratio plots

and phase angle plots respectively for equation 3.17 for dif-
ferent damping rations £ = V/(2/MK) 5'1.0. If £ < 1 then it
is clear that for frequencies less thantun/ld the system can

be approximated by a gain. If £ > 1 then the denominator of

equation 3.17 has two real roots 81 and 8, which satisfy S 8, =

wnz_which implies that one root must have a value greater than
@n and one root a value less than;un.- It is only the one root
,wiﬁEHa value less thanlnn which could significantly affect the
frequency responée of the system for w < o /10. Thus for
ws(b,ﬁg}, which shouid include all.of the neormal physiologic
motioig, we can approximate the mechanical dynamics Qf the

ctolith organ by:

{s) A
F{s) S + A ‘ "- (3.19)

2114

I
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where A = 3 + 2(M2 i 12 if E > 1

and A = ® ' if £ < 1

The transfer dynamics from otolith displacement to
afferent firing must now be considered. Vidal et al (Ref. 70 )
in experiments with cats found a unidirectional rate sensi-

tivity of the form

Firing rate = G[O(t) + KO(t)] _ (3.20)
where K = 0 H(e) <0
K>0  O(t) >0
and  @(t) is the tilt angle
This response nonlinearity can be removed ;fitis assumed
that perception is a function of the difference in firing rates
from cells with opposing gains. Such an assumption.is reason- -
able based upon the work of Flurr and Mellstrém (Ref. 25 ) and
lecads to the following response to tilts:

Firing rate = G(20(t) + K&(t)) (3.21)
regardlessrof the sign of O(t). wWe ha?e thus retained the
effect of rate sensitivity while eliminating the nonlinearity.
Vidal postulated the wmodel giﬁen in 3.20 based upon a stimulus
whose fregquency cbntént was confined to w <.1 Hz and thus
might not be expected to indicate the mechanical dyhamics pos-
tulated in equation 3.19. In the static experiments conducted
by Vidal no adaptation was reported even though recordings

werc made for as much as 3 minutes at & given orientation.
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Fernande? and Goldberg (Ref. 24 ) indicated that the
majority of cells from the otolith organs in the squirrel mon-
key achieved an essenfially constant rate of firing within 30
seconds of a position change. Thus although some cells may
exhibit significant adaptation a large percentage of the pop-
ulation does not.

While it is recognized that the otolith afferents which
exhibit adaptation may contribute to the transient response
{in exactly the same manner as nonadapting cells) they do not
govern the long term sensations due to the otoliths which do
not show significant adaptation to static tilt angles. Theré—
fore we postulate the following form as a model for the re-
sponse of a nonadapting otolith afferent to the component

of specific force in the plane of the macgula:

‘Afferent _ Bs + (B+C)aA .
gFiring Rate:i(s) = =553 ]SF(s) + §§B + n(s) (3.22)

where SFR dénotes the resting discharge
n(s) is the measurement noise process
and A,B,C are shown in figuré 3.6
If, as in the case of the semicircular canali model, we

postulate that the higher centers' a priori information con-
carning the input (in this case SF) is given by white noise
through a first order filter and that the higher centers pro-
cess the afferent information optimally to estimate SF then
we can view the entire sensory process for the otoliths as

snhown in figure 3.6,
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The steady state optimal processor H°(s) can now be de-
termined as a function of W, Ty s ﬁp B, C and N. Since the
resting discharge SFR is independent of the input and is known
by the higher centers it is presumed that it is subtracted
from the afferent gignal and plays no further part in the
processing. |

To £ind H°(s) we must solve the associated Wiener Hopf

equation. Since H®(s) must be causal the associated Wiener

llopf eguation is most easily solved by the method of spectral

factorization (Ref. 60 ). This yields the following solution
for u®{g):
HO {5) = K°-geonl

(8+F) (S5+G) {3.23)

Where F,G and K° must satisfy

2.2
_F2+02 =B g s+ imi + a% (3.24)
TI N '&
2 2.2 2
2.2 o (B+C) "A"W Y .
F*G R + = (3.25)
I I
WZEB+C)A + B ]
. TIJ (3.26)
KY = ;
1 N2 () (G+E)
b I

Now that the form of H®{s) is determined we can cascade
it with the mechanical and afferent dynamics (given in 3,22)
to yield a prediction for the form of the overall perceptual

dynamics associated with the otoliths.
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{Mean Perception of SF} _ Bs + (B+C)A o __ stA
SF (8) - s+A (s+F) {8+G)
B+C)A
T+75) (5+G) (3.27)

Equation 3.27 represents the framework within which we
must be able to predict subjective perception which irnvolves
the otolith organs. Young and Meiry (Ref. 81 ) proposed the

following model for the perception of acceleration:

{Perceived Lateral Accclerationt(s) _ 1.5{s+.076)
{True Lateral Acceleration;(s) T§+.19)(s+1.5§

(3.28)

It is clear that equations 3.27 and 3.28 have identical
forms but it is not clear that the parameters (W, Tq o A, B, C
and N) can be chosen in such a way that the coefficients in

the present model'will be in essential agreement with those

in 3.28.

In this section the criteria for sﬁecifying the models!
parameters will be elaborated. Basad on these criteria values
for.the parameteré.will be ¢hosen and the resultant model
evaluated. Actgally two sets of parameters must be developed;
one for the utricle and one for the saccule. The 6n1y dif-
ference is that thé“resting discharge rate, the sensor gain
and the measurement noise level for the saccule have been

found in the squirrel monkey (Ref. 24 ) to be approximately.
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half those found for the utricle. Thus we have:s

Utricle Saccule

W -+ W
Ty i Ty
A + A

> B/2

(3.29)

C » c/2
N > N/2
SFR > SFR/2

Inspection of equations 3.24, 3.25 and 3.26 reveals that
F and G will remain unchanged by this transformation while

. . ] a
will be twice the value of Kutricle to make up for

Kgaccule
the difference in sensor gain. With this in mind we will pro-
ceed with the specification for the utricle model and then
specify the saccular model by employing the above transforﬁa~
tion.

Fernandez, Goldberyg and Abend (Ref. 24 )} found an average
steady state change in firing rate from the utricle due to
a lg step in specific force to Pe 45ips. If the final value
theorem for a_ig specific force is applied to equation 3.22
we find the steady state response to be B+C. Thus, our first
condition is that |

B+C = 45 | {3.30)
Since our model of subjective sensation (equation 3.27)

must fit the same data from which the Young and Meiry model
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(cquation 3.28) was constructed, it i1s reasonable to assume
that the corresponding coefficients should be approxiﬁately
the same. It should be noted though that any combinétion of
diffcrences between these parameteré which preserﬁe‘the essen-
tial fit of the model to the data would be perfectly acceptable,
‘Betting corfésponding coefficients in épproximate équality,

yields the following four conditions:

(B+C)E = .076 C (3.31)

roos .19 (3.32)
6 =1.5 (3.33)
BK® =1.5 / O (3.30)

Egquations 3.32, 3.33 and 3.34 should be substituted in
eguations 3.24, 3.25 énd 3.26 to yield_three nonlinear algebraic

conditions in W, A, B, C and N while eliminating F, G and K°.

T
Once all the parameters of the model are chosen it will be
possihle to calculate the afferent signal to noise ratio (5/N)
which £he procesgsor has assumed in arriving at its estimate of
specific forece, If aﬁ unreasonable signal to noige ratio must
be postulated to satisfy the other conditions that we have set,
then the hyéothesis of an optimal processor would have to be
seriously questioned. The signal to noise ratio cculd con-
ceivably be set in one of two broad regions. Either the pro-
cessor would be optimally structured to interpret Signals near
thresheld when s/N le (this choice would be best sﬁited to

tasks like the control of postural sway) or it could be struc-

tured to best handle large signals for which s/N is signifi-
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cantly greater than one. The only case which would ipdicate
a serious problem would be a case in which s/N << l. There-
fore, after calculating the signal to noise ratio at the affer-
ent level in terms of the model parameter we can set the

following restriction:

E[nz} N¥

E{(AFR-SFR)ZJ = g/N W BZ/II+(B+C)2A
o2 l = 1 or greater
A a+= I ' {3.35)
T I

I _

As in the case of the semicircular canals, there is data
available concerning the noise level on the aifferent fibres.
Fernandez et al (Ref. 24 ) plotted the CVs obtained from 47
otolith units and concluded that while otolith CVs are signifi-
cantly lower than canal CVs there is no difference between the
CVs of the utricle and saccule. Since the level of spontaneous
firing at which the utricle afferents operate ( *88ips) is
twice that for the saccule ( = 44) we conclude that using the

same CV will yield a value for N * N /2. In-

saccule utricle
spection of the CV histogram offercd by Fernandez indicates
that a value of CV = .04 would be representative of the most
regular affercnts. Using a tonic firing rate for the utricle
of 88 we calculate the standard deviation of the firing rate
to be El/z[Nz] = 3.39 ips. In the case of the semicircular
canals we found that the central processor was capable of re-
ducing the effective mcasurcment noise by a factor of 1//520

by utilizing the large number of individual afferents avail-

able from each sensor. If we presume as a first approximation
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that the central processor for the otoliths is equally capable
of combining afferent:signals to reduce the effective measure-

ment noise, then we could expect:

B/ %m%) = n= 332 & 149 ips (3.36)
, Y520

Finally it is reasonable to assume that the presumed
bandwidth of the input, which is governed by 1/1;+ should be
of the same order of magnitude as that found necessary for
the semicircular canals. - If there is a difference, then

1/t. for the otoliths should be slightly lower than that

I
for the canals since the otoliths are genérally considered
to be sensitive to lower frequency stimuli than are the
canals. Thus we should find l/TI‘roughly in the region:

1 < i < i = 5 rad/sec

101 T T
Icanals Iotoliths I

S rad/sec =

canals (3.37)

After substituting the values for F, G and BK° £from
equations 3.32, 3.33 and 3.34 into equations 3.24, 3.25 and
3.26‘we‘have a set of eight algebraic cﬁnditions (3,24, 3.25,
3.26, 3.30, 3.31, 3.35, 3.36 and 3.37) to be satisfied by
six parameters (W, Ty, A, B, C and N). The following values
for the six paraméters‘were found to best fulfill the stated
conditions (the value éf the resting discharge ratélis given

for completeness).
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Parameter Utricle Saccule
W ' 00268 00268
Ty L. 1.
A -2 02
B 91.1 45.55
C- =46,1 =23.05
N <147 -073
SFR 88 44

The consequences of using these parameter values are as
followsz
(1) B+C = 45 (£fulfills egn 3.30)

(2) Equations 3.24 and 3.25 are fulfilled exactly but with

F= ,133 (see 3.32)
G = 1.95 (see 3.33)
(B+C)I§- = ,0988 (see 3.31)

ELach of these values represents a 30% change from the approxi-
mate values specified., Since these values represent the critical
frequencies of the overall subjective model, their only import-
ance arises in how they affect the models prediction of the
system's phase response. Figure 3.7 shows the phase plot for
Young and Meiry's model (egn. 3.28) and the model derived here
legn, 3.27 with the paramccer values specified above). The

phase predictions of the model are quiﬁe good over the fre-
quency range above .5 rad/sec and only slightly lower than

the few data points available below .5 rad/sec.
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(3) BK® = .911 (reasonable agreement with 3.34)
{(4) 1.21 (sec 3.35)

(5) N = .147 (sec 3.36)

>

and (GJ‘TI = 1 (sec 3.37)

The resulting afferent dynamics are given by

rfferent

Firing ¢ (s) = 2222322 gp(s) + 88 + n(s) (3.38)
Rate ) s .

where EY/?[n2(t)] = .147

Figure 3,8 shows the change in afferent firing due to a
step in acceleration of lg. The response consists of an im-
mediate jump of 91.1 ips which decays with a 5 Second time
constant to a steady state chaﬁge in firing of 45 ips. It
should be stressed that this five second decay could be due
to either the mechanical dynamics (implfing that the mechan-
ical dynamics are very over damped) or could arise from the
dynamics of the affercnt processes. If more phase data be-
comes available on the subjective response to stimull below
.5 Uz and confirms the greater phase lead shown by Young and
Meiry, the model can be altered to give an identical phase
prediction. The penalty for this change is twofold. First
the resulting model for the afferent response shown in figure
3.8 would jump immediately by 400 ips and then fall to 45 ips
with a time constaﬁt of approximately 1.5 seconds (which at
first glance scems less reasonable). Secondly, the resulting

prediction for acceleration step thresholds would be signifi-
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cantly reduccd below currently accepted figures.

In a personal communication with Dr. Goldberg it was
learned that his current research with the otolith organs of
the squirrel monkey thows a wide variety of afferent dynamics,
some of which are consistent with the general prediction of
Figure 3.8. When further exporimental data is available con-~
cerning the dynamic response of otolith afferents an analysis
similar to the one made for the semicircular canals can be
undertaken. In the meantime it is interesting to note that
lthe approach taken here can yield a model which accounts reason-
ably well for the available subjective déta, the known physio-
logical structure of the sensor and makes reasonable predic—
tions concerning the afferent processes and the associated
central processing.

Since for time invariant systems the steady state Kalman
filter is equivalent to the Weiner filter developed above, it
was decided to use the time domain formulation of the problem
for the otoliths as was donc for the semicircular canals.
Appendix I gives the appropriate transition matrices and Kalman
gains for the otelith simulation. Figure 3.9 shows the result-
ing subjéctive response of the overall system to a lg step in
acceleration. Whnile this prediction shaws less overshoot than
the model by Young and Meiry there is no subjective data with

which to directly compare it,
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Chapter IV

QUALITATIVE NATURE OF PROCESSOR FOR DETECTION OF NEAR-

THRESHOLD LORIZONTAL ROTATION

Numercus studics have becn made to determine the magni-
tude of vestibulaf thresholds in the three rotational axes
(with primary emphasis on the yaw axis). A comprehensive ra-
view of these experiments through 1965 is given by Clark (Ref.
10 ). 1t is interesting to note that numerous definitions
of threshoid are used by experimenters .and thus it is diffi-
cult to compare the experimental results. An even more vexing
problem is that the results of these experiments cannot be
generalize& to predict the probability of detection as a func-
tion of time for an arbitrary rotational stimulus.- The reason
that such a prediction cannot be made is that previous inves-
tigators have not proposed a stimulus-perception model ade-
guate for arbitrary near-threshola rotations. In tnis chapter
two fundamentally.different hypotheses are considered for the
nature of the threshold mechanism. The consequences‘of each
h?péthesis are explored and an experimental procedufe designed

and carried out to test their validity.

4.1 Processor Hypotheses

When a man is rotated, what information is available
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which he can use to estimate the time course of his rotation?
If the subject's eyes are open the images of a stationary
environment-moving across the retina provide one source of
informatibn, For those cases in which the visual environment
is not inertially stable (for cxample, it may rotate with
the subject} or in which the subject's eyes are closed, another
input is nceded. Although cues arising from movement of the
bodily organs or from tactile sensations may be present, the
most important non-visual source of information concerning.
rotation arises from the vestibular sensor. If a subject is
denied visual cues and tactile and proprioceptive cues are .
ignored, tnen the higher centers are left with the information
provided by the vestibular afferents in the form of changes in
neural firing rates.

Dynamic models for the mechanical movement of the cupula
and conseguent afferent discharge werce described in Chapter
"hreoe.  Since these models were developed as part of a model
of suprathresihold perception no consideration was given to
cither a mechanical or neural threshold nonlinearxrity. The
existance of thresholds for rotational stimuli is scometimes
accounted for by a nonlinearity at the sensor which would imply
that until a certain stimulus level is reached there is no
spimulus rclated cnange in afferent firing levei., It is this
general conception of the thresheld mechanism (shown in Figure

4.1) which will be called the "simple threshold model™. The
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pafticular form of the nonlinearity is arbitrary except.for
the dead zone.

The second model will be called the “signal in noise"
model since, as shown in Figure 4.2, it consists of nothing
more than a measurement noise source hetween the sensor dynam-
ics and the processihg by the higher centers. The threshold
phenomenon in this case arxises from the masking effect of the
measurenent nolse at low signal levels. The magnitude of the
measurement no;se is set so that a correct detection of the
direction of motion will result seventy-five percent of the
time.

Although these two models represent two fundamehtally
different approaches to modelling the phenomencn of vestibular
thresholds (one including and one excluding an afferent signal
correlétéd with subthreshold stimuli) they both predict the
general variation of response lafencies as a function of stimu~-
lus magnitudes. Figure 4.3 illustrates the time history of
the cupula displaccement (assuming a linear mechanical re-
sponsc) for steps in angular velocity and acceleration. For
steps in angulaxr acceleration, the displacement builds up to
a steady stéte value with a time constant of 18 seconds.
Applying the “simple threshold model” we see that if the

steady state displacement is less than D then the output

MIN
of the nonlinearity will remain zero and the performance of
the processor in determining the direction of the stimulus

should remain at 50%. The larger the steady stateé displace-
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ment of the cupula, the soconer the outpﬁt of the nonlinearity
deviates from zero, which results in shorter latencies as is
observed in experimental data (this is essentially a descrip-
tion of the classical cupulogram, Ref. g8 ). In the case of
a velocity step input, detection will generally come guickly
if the input is above threshold since the peak cupula displace-
ment follows the stimulus onset with almost no delay.

The "signal in‘noise“ model also predicts similar changes
in latency. If the signal to noilse ratio is taken as a measure
of the information available to the higher centexrs, it is clear
that for the case of an acceleration step input, the informa-
tion flow peaks at about 20 seconds while in the case of a
velocity step the best signal to noise ratio occurs immediately
after the onset of the stimulus. If the stimulus magnitude
is increased, a sufficient amount of information %o make a
response becomes available earlier in the case of an accelera-
tion step, while the latency will continue to be short in the

case of a velocity step.

4.2 Threshold Characteristics of the Hypothesized Models

Since pboth médels are capable of explaining the existence
of thresholds and the general trend of response latencies, it is
necessary to design an experiment in which the results pre-
dicted by the two models are measurably different so that one

or both of the models can be rejected.-
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The maximum cupﬁla displacement for the velocity step
V({t) and the acdeierahion step A(t) shown in figure 4.3 are
the same. If this maximum value were slightly greater than
DMINr(figure 4.1) thén the "simple threshold model“}wéuld
predict that both V{t) and A(t) would be threshold levél
stimuli. chbining these velocity step and acceleration step
stimuli at their threshold level results in a stimulus which

would produce a step in cupula displacement just larger than

DMIN' Therefore 1if we define

{

W (E) = V(t) + A(E)E (4.1
then the "siméle tﬁreshold model” would predict that w_(t}
would also be a threshold level stimulus.

This result does not follow for processors which deal
oétimally with signals in noise. If the noise- free firing
rate due to w_(t) is compared to either that for fhe velocity
step threshold or tne acceleration stép threshold it‘is clear
that with the same level of additive noise the presehée of
wc(t) is more likeiy to be detected than either V(t). or A(t)
alone. If the signal in noise model ig8 correct, qét) will
have to be reduced in magnitude if it is to be a thfeshold
level stimulus. The guestions which naturally arise are

1. By what factor must wc(t)-be reduced? | |
and 2. Is there a sufficient difference to detect experi-

mentally?

A measure of the information content of a signal s(t)
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at a given time, when immersed in independent zero mean addi-
tive gaussian noise, n(t), is the signal toc noise ratio. S/N,

defined as

s . E{s’(e))
w E {n®(¢)) (4.2)
where E {~} indicates expected value.

Let n{t) be a stationary process and define Nz = E{nz(t}}n

Since, in the problem at hand, the signal is avallable over a
period of time, the integrated signal to nolse ratio is the
appropriate measure ol info%mation content. If FRV(t) and
FRA(t) denote the afferent firing rates due to threshold level
yvelocity and acceleration step stimuli respectively, then the

"signal in noise model®™ reguires that

T T

(PR 2 (6)) g, FR 2 (0) 4 o
N ""’"“”ﬁ""’"‘N = ;ﬁ (4.3)
[+] [+]
or that
T T :
jFsztt)dt = IFRAz(t)dt = I (4.4)
® [

where (0,T) is the interval given to the subject to detect
the stimulus (usually 10-15 seconds). The problem is to find
a factor, K, such that ch(t) gives rise to a firing rate,
call it FRc(t), which has an information content equal to I.

Since
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FRC(Q = K(FRV(,'t):-f- FRA(t)) (4.5}
we can calculate its information content as follows:

T - T
2 2 2
Jﬂ FRC (t)dt = K Jﬁ (FRV(t) + FRA(t)) dt

T T ¥

K2 j. Fsz(t}dt + ~Jﬁ FRAz(t)dt + 2){ FRv(t)FRA(t)dt

B

L
o

-

= 2k% II + J FRv(t)FRA(t)dt} | - (4.6)
. e .
If we set this equél to I we can solve for the required K:
K = L. { | I 11/2 ‘
| vZ (I + fFRv(t)FRA(t)dt _ (4.7)

Several facts should be noted at this point:
1. K is independent of the noise level as long as n(t)
is stationary, but is implicitly a function of the
sensor dynamics, Hégﬁal’ through FRV(t) and FBn(t}.

2. For all reasonaﬁle choices of Hég%al
T

‘!FRv(t)FRA(t)dt} 0 - (4.8)
‘gince FRV(t) and FRA(t) share the same sign in the
intervéi (0,20) seconds.

3. Finally, using the Cauchy Schwartz inequality, we

have
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; v 1/2  + 1/2
JQFRV(t)FRA(t)dt < jnFsz(t)dt . !}FFRAZ(t)dt

[ []

= 2742 C{4.9)

Combining 4.8 and 4.9 we can conclude that
N2

0 <« j-FRV(t)FRA(t)dt < I (4,105

[-]

which, utilizing 4.7 implies that

1/2 < K < 1//7 (4,11)

If instead of integrated signal to noise the above
analysis used a first order lagi'l/rm + 1) : for which we will

T
UY L{xldt

use the notation where L{x} denotes the response of

the linear system s/(1s + 1) which is initially at rest to the
input x} the results would be essentially unchanged. Specifi~

cally we haves:
T > T 2
f L{FRV lde = y L{FRA Jdt = 1 (4.12)
0 o

and therefore

T 2 T oo, 2
[ L{FR_“}dt = f L{K (FRV+FR ) “ldt
. 0 C 0 A
5 T ,
= 2K (I+Of L{FRVFRA}dt) (4,;3)
Since.
T
[ L{FRVFRA}dt > 0 (4.14)
0
and
ip T , 1/2 T , 1/2
0[ L{FRVDRA}dt < OJ L{FRv ldt og LtrRA }dt
‘ \ .
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we can again conclude (after setting 4.13 equal to I) that

«-]22 < K < ﬁ_ ‘4‘16)

~ In fact the above analysis is valid for any linear
operator, fTL{-}dt,as long as it satisfies the criteria
required og an inner product. This result will be useful
in Chapter Five wheh we consider models for the detection
process, | |
Figure 4.4 summarizes the above predictions. Every
point in the figure represents a stimulus made up of a
velocity step component v and an acceleration step compon-
ent a. For example'the point ¥ shown in the figqure represents
the stimulus
P(t) = (o + Bt) deg/sec {4.17)
‘The points labeled V and A represent the velocity and
acceleration step threshold levels respectively for a given
gubject. The dotted line through the origin and the point
{(A,V) represents the class of stimuli over which the two
models differ in their prediction of threshold levels most
dfamatically. The threshold prediction of the “simﬁle
thréshold model",. § = V + A, is illustrated along with the

region consistent with the "signal in noise model".

4.3 Experimental Description




92

Magnitude of Velocity Step

Component (deg/sec) $®
. 47“/
v Simple Threshold Model s
A e i;}S=(V+A)
3 fet
@
=2
[~
5
]
in
g-===9P g
| e
) 7
[ =
)
i D
| 7 | @
v -
ya!
s
a N
g A

Magnitude of Acceleratign
Step Component (deg/sec®)

Figure 4.4 Stimulus Diagram and Threshold Predictions
of Hypothesized Models



93

The experiment best suited to distinguish between
the "siméle threshold" and "signal in noise” models is now
clear. Stated simply_ﬁﬁé'exPeriment'consists of finding the
velocity step and acceleration step thresholds for a group
of subjects and then combining these two stimuli to find
the subjects' threshold along the dotted line illusﬁrated
in Figure 4.4. The pgedictions of the two models should
then be compared to the experimental data.

The experiment was carried out at the NASA Research
Center at Langely Field, Virginia using a six @egiée of
freedom. simulator called the real-time dynamic.simﬁlator (RDS) .
All rotations were restricted to the simulator's Yaw axis
which was éligned with the earth's vertical axis. The subject
was seated so that.the axis of rotation was through his head
and the orientation of his head was varied as necessary to
achieve either a rolling or yawing stimulus in head axes.

An analog computer was programmed to rotate the RDS in yaw
with either a velocity step or an acceleration step whose
magnitude and onset time could be controlled by the experi-
menter. Position and velocity feedback from the simulator
were recorded thfoughout the experiment and enabled estima-
‘tidn of actual stimulus magnitude with an accuracy of better
than + 2%. Two Qay voice communication with each subject
was available in addition to two hand held switchés‘uséd

for subject responses.
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Five men and one woman served as subjects., All attested
to their good health and normal hearing. Vestibular function
was tested by means of the sensitized Rhomberg test in which
subjects must maintzin their balance for one minute while
standing toe to heel with their eyes closed.

For any one experimental session the subject's head posi-
tion and the stimulus type (velocity step or acceleration
step) was held constant. Experimental stimuli were presented
following the random double staircase method, described by
Clark and Stewart (Ref. 15 ) except that Subjects were in-
structed to refrain from making responses for cases in which
no positive sensation of rotation was felt and for which
the response would be nothing more than a pure guess. In
such cases the lack of a response was interpreted as if an
incorrect response had been given. To aid in maintaining
subject alertness; the subjects were asked to give a graded
response which would reflect the confidence they had in the
correctness of that response. If the.subject was sure that
he was rotating to the right (left) he would depress the
switch in his right (left) hand twice in guick succeéssion.

If he was moderately confident that he was rotating to the
right (left) he would depress his right (left) switch only
once. If the subject was unsure, but had some basis for

believing his motion was to the right (left), he would de-

press fixst his right (left) and then his left{right) switch.
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One experimental session consisted of approximately
70 stimulus presentations with a short break after the first
40 were completed, and lasted slightly over an hour. All
subjects wore light tight goggles and were instructed to
keep their eyes open during the experiment. Eacﬁ presenta-
tion began with the experimenter announciﬁg that an experi-
mental motion would begin within 15 seconds followed by a
random stimulus onset delay of between zero and 15 seconds.
The subject was allcwed 13.9 seconds to make a response and
the first response was the only one accepied. In a very few
cases a subject reported that he had indicatedlopposite to
tnat which he intended and this was generally accepted by
the experimenter and corrected for. | |

After each presentation the simulator was réﬁu;néd to
its zero position (in most cases the subject could detect
this return and thus surmise the dirxection of his lasgt
motion) after which followed a period of no motion lasting
at least 30 seconds. |

The set of all stimulus presentations following the
peint at which the staircases either met or crossed served
as the basis for estimates of thresholds.

Figure 4.5'shqws a typical strip chart recording for
a velocity step stimulus in which the subject, ﬁhile unsure

of his dec¢ision, indicated 2 seconds after onset that he
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was rotating to the left. Although the tachometer output

was guite noisy, because of the small rotation rates, it is
' |

f

~ ¢lear that the response of the simulator was quite good.
The actual rotation rates were calculated based upon the

information fed back from the position potentiometers.

4.4 Analysis of Experimental Results

Figure 4.6 shows the thresholds for each of the six
subjects..'Threshoids were calculated as follows:

Estimated threshold=

N
L log 8,
i=0 10 i

N+1 (4.18)

™ = 1o
Upper Confidence-Limit =
N ) }
' (ioglO(TH)-loglosi) /N _
vnox 2000 | 7 = THo  (4.19)
Lower Confidence Limit = | o
- _E (loglO(TH)nloglosi)z/ﬁ}
TH X 10 =0 = TH/o  (4.20)

stimulus magnitude of ith

%,
b=y
o)
H
®
w

i

stimulus since stair-
cases mmet or crossed

N+l = number of stimuli magnitudes s,, s,, SpreesSy-

The value for N differed for each session since it

depended on how rapidly the staircases crossed but usually
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it varied between 29 and 32.

Bécause of Webeér's law (Ref. 31 ) all statistics were
based oh the log of stimulus magnitudes. For this reasoﬁ
the upper limit on the estimate of thresholds should be per-
ceptually just as much greater than the estimated threshold
level as the estimated threshold level is greater than the
lower limit. |

The number printed next to each threshold estimate
represents the experiment number for that subject. Since
combination stimﬁli for each subject could not be used until
their thresholds were determined for velocity and. accelera-
tion steps, it was impossible to design the expefimental
presentation in suéh a way as to rule out order effects.

To check for learning, each subject's velocity step threshold
was tested several (2 or 3) times. The first veiocity step
experiment was always either the first or second time in the
simulator. The remaining velocity step tests were scattered
among the remaining tests, so that by using the fesults of
all six subjects, a model for the effects of learning could
be formulated. -The assumption is made that all spbjécts had
approximately the same learning profile and that this profile
affected all experiments uniformly. | |

The model for learning used to correct the experimental
data is given by: |

L(N) = [K + (1 - Kye” (N"1I/H, (4.21)

where the threshold resulting from the N*P session should
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be L(N) times the threshold which would have been found if
the éame experiment had been done during the first session.
Notice that after an infinite number Qf sessions (N = =} the
threshold should be K times the initial threshold. The
parameters K and M were varied to minimize the weighted
variation of the models prediction from the experimental
data. The 0p£ima1 values of XK and M were found to be

K¥ = ,52 and M* = 3.32 (4.22)

Figure 4.7 shows a plot of loglo(L*(N)) with the rele-
vant estimated thresholds and confidence limits shown. Note
that the confidence limits are symmetrically placed with
respect to the estimated thresholds when plotted logarithm-
ically.

It should be mentioned here that the results of one
experimental session among the 35 conducted was réjected°
Specifically, in the second gsession with subject number four,
the staircases wandered o extremely high values just before
the break and when questioned about it the subject admitted
that he had nearly fallen asleep. After the break, the
staircases immediately plummeted to reasonable levels, but
the wide variation in magnitudes knote the confiidence limits
for this threshold) coupled with the subjects' remarks indi-
cated that it would be reasonable to disregard this session.

The function L*({N) can now be used to adjust all

threshold estimates to reflect the threshold which one would
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expect to find if the subject had been in the simulator for
the first time. The data could have been adjusted to refiéct
any degree of experience, but it was £e=lt that most cues
which contribute to learning in these euperiments are non-
vestibular (tactile, audio, etc.). Table 4.1 summarizes
the estimated thresholds and their correétad values. Weighted
averages for each experiment type were calculated and the
results are as follows {sll motions axe about an earth vert-

ical axis):

Averdge-velocity step threshold for Roll.

= ,835%/sec
Average acceleration step threshold for Roll = °l%“/sec2
Average acceleration step threshold for ¥Yaw = ,150°/sec2

The threshold for yaw was computed based on only five
of the six subjects since subject number three was not tested.
If a direct comparison igs to be made between the vestibular
sensitivities to acceleration steps about the yaw and xoll
axes the threshold for the roll axis should be calculated
based vpon the same five subjects. When this ig done, we
obtain a'roll acceleration threshold of 0158°/sec2° Clearly
there is no significant difference between this result and
the .160°/sec2 found for the yaw axis. This resuit supports
conclusions made by Clark and Stewart (Ref. 16 ) that there

are "no statistically significant differences among the
thresholds about the three major body axes”.

To test the validity of the "simple threshold™ and
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ABLE 4.1

BUBJECT | EXP THREEHOLD 5 CORRECTED ¥OR v _ ( a )
WUMBER TYRE DEG{sEctDLG/ssc ] _Laasnxwa FACTOR Loalo_racron

v V361 13! 17419 .15192

A “(.151) (.173) 1,485 16026

c ,193(.054) .247(,069) 1,585 ,20038

i v .498 ,637 1.549 .18959

Y {.157) (.236) 1.486 .17186

v 181 .289 1.724 .23665

v . 906 .506 1.479 ,17029

A {.139) {.159) 1.393 .14388

¢ <46, (,109) .59 (.139) 1.531 .18492

2 c .30 (.044) .42 (.062) 1.660 .21973

v .527 794 1.361 .13372

¥ {.042) (. 067) 1.387 .14235

v L4855 . 760 1.4%8 .16374

A (,299) {.299) 1.596 T.20298

v 1,007 . 1.151 1.432 .15995

3 c ,75:(,237) .96 (.303) 1.367 .13577

- v ;780 1.09 1.375 .13843

T A (.129} (-129) 1.743 .24739

v 941 1.075 1.786 .25203

| v .337 .431 1.574 .19692

4 c . .22 (.074) .31 (.104) 1.545 ©.18890

¥ (.107) {.161) 1.276 .10605

v 374 .597 1.485 17166

v .800 . 800 1.491 .17352

A “(.111) (.127) 1.439 .15614

c .29 {.070 .37 (.089) 1.380 .14003

> ¥ (.131) (.183) 1.446 .16033

c .63 (.0U1) .95 (.122) 1,400 .14624

) v ..870 1.069 1.236 09210

A ey YT (e " T17s06 720315

v ,957 1.094 1.263 ,10833

c .51 (.089) .65 (.114) 1,675 . 22393

G ¥ (,125) {.175) 2.06) . 31411

c .30 (.0U5) 45 (.141) 1,429 5517

v .580 . 926 1.337 .12607

KEY: ¥V Roll Vielocity Step ¢ Combination Roll

A Roll Acceleration Step

Y Yaw Acceleration Step
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“signal in noise" models of central processing, the data is
first corrected for learning and then transformed so that
when plotted on a single stimulus graph (such ag shown in
figure 4.4) all velocity step thresholde fall at VTH and all
acceleration step thresholds £all at ATHD The data from the
combination stimuli can then be directly compared to the
model predictions ‘illustrated in figure 4.4,

Figure 4.8 shows the combination stimuli with their con-
fidence limits plotted as described above. The prédicted
thresholds for the two models are shown (an-intexmediate
value of XK = .6 is used for the "signal in noise model")
along with a curve marking the midpoints between the two
predictions (the decision boundary).

Each estimated threshold point plotted can be considered
the mean of a probability distribution fox the txue threshold
value with the confidence limits being the one standard
deviation points.

Since this graph shows only relative variations between
experimental results, any feature of the experimental apparatus
procedure.or statistical technique which causes all results
to be affected by a given scale factor will not affect the
validity of any conclusions drawn from the graph.

If the errors which give rise to these distributions
are inde?endent {(except for an arbitrary scale factor, which

as noted above, will not affect the conclusiong) and gausslan,
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then the relative likelihood of the two models being the
source of these éxPerimental results can be easily calculated.

One method of choosing between the two models is to ask
the question: What is the probability that the ﬁrue thresholds
are inside the decision boundary? Using the above ﬁentioned
assumptions, the probability that the true thresholds are
inside the decision boundary (favoring the "signal in noige
' model") is 99.8%. |

It is clear from this calculation that if a cholce is
to be made between the pr&posed models, the "signal in noise
model" is to be much preferred over the "simple threshold

model” .

4.5 Conclusions

The experiments described in this chapter yi@ld@d‘the

following threshold information:

1. Roll velocity step threshold =  ,835%°/sec
2. Roll acceleration step threshold = 9190°/Secz .
3. Yaw acceleration step threshold = 0160°/se02 {4.23)

and supported the following conclusions:
1. There is no significant difference in numans between
sensitivity to rotation in roll and sensitivity to
rotation in yaw.
2. The phenomenon of vestibular thresholds can be

accounted for by a model of central processing of
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vestibular informaticn consisting only of an optimal‘

processing of afferent firing rates in additive noise

with no necessity for peripheral dead zone nonlinearities.
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Chaptexr V

Stochastic Model for Detection of Near Threshold Rotational

Stimuli

once the "signal in noise” hypothesis is accepted as an
adequate model for the basic mechanism of the vestibular thres-
hold ﬁhenomenon, it is possible to hypothesize a‘stochastic model
of vestibular perception which is valid for near threshold stim-
uli. In the courxse of creating this model, severxal significant
 problems arise among which are the following:
1. Based on the responge of the afferent model f£for the
semicircular canals developed in Chapter Three, one would
predict that the threshold level for a velocity step stim-
ulus would be between 10 and 15 times greatex than the
threshold level for a step in acceleration. The experi-
mental results described in Chapter Four indicate an average
factor of between 4 ang 5 (the ratio of velocity to acceler-
ation step thresholds for subjects taken separately weres
2.85, 5.14, 3.94, 4.03, 7.68, and 3,64}). This diccrepancy
between threshold and suprathreshold perception must be
‘predicted by our model of vestibulay perception.
2.. While the peak afferent responéé for a step in angular
acceleration occurs approximately 20 seconds after stimulus
onset and does not drop to half peak value until 45 seconds
after onset, maximum detection latencies are almost always

less than 15 seconds (Ref.13,36). Therefore, some mechanism
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must be found to explain why average threshold latencies

do not reflect the time course of the afferent signal to
néise ratio. |
3. A mathematical model of the detection processes that
subjects perform during threshold experiments when they
attempt to choose between right and left moving stimuli
must be formulated. It is important that a digtinction
be made between the process of detection and the problem
of estimating stimulus magnitudes which goag bn during
exposures to larger stimuli. The response of thi@ model
should exhibit the same basic chargcteriaticﬁ obsarve&
'&uring threshéld experiments and be capable of predicting
response st&tistics as a function of time for arbitrary |
near threshold stimuli. )
Section 5.1 deals with the first two problems, while sec-
tions 5.2 and 5.3 deal with the third problem. Sectibn-s.é & U=
marizes the predictions which result £rom this model of |

threshold detection.

5.1. First Order Processing

If the accelération and velocity step threshéld'stimuli
found experiméntaiiy_(.835'de§ree/second‘ana -19 dégfee/segondz}
are applied to the‘input‘ﬁf the dynamic model for'ﬁhg afferent
reSponse of the semic;rcular canals,.thenzths respbnses,shown in
figure 5.1 wiil be obtéined; it is‘pérfectlf'clear‘that no reas-
onable detector should find it equally,@ifficult'to'detectﬁhe |
presence of these two signals (as it should, since both are thresh-

‘old gtimuli)}. Férthermore, the maximum detectioﬁ latency for a
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ﬁhreshold acceleration step using these responses should be 20
seconds or greater, since it takes that long for the instantaneous
signal to noise ratio to reach its peak. One rélativély
simple hypothesis which hés a direct phyéical interpretation and
provides an expianation for these discrepancies was found.

It is well known that‘in the presence ©of no input, there is
a spontanecus firing rate of the vestibular afferent (shown as
" SFR in Figure 3.1) which must be subtracted before processing by
the higher centers. Goldberg and Fernaﬁdez (Ref. 27 ) found a
spontaneous rate of approximately 90 firings/secondfih the squir-
rel monkey,zbuf the exact value is not important to the argument
which follows. It is reasonable to assume that this resting dis-
charge is not ﬁerféctly'stable but has some low_frééuéncy_drift
associated with it, which, if large enough and allowed to remain
unfiltered, will give rise tOJspu?ious sensations qf motion and
will contribute to the masking of low level stimulik‘ In the pro-
cess of‘eliminating_the spontaneous component of firing, the eff~
ect of low frequency variations can also be reducedlby eatimating
them and subtracting them from the'afferent signal.: Figure 5.2
shows the proposed path§ay which estimates both Fhe_sﬁontaneous
discharge (SFR) and hypothesized low freqﬁéncy Qariaﬁions (c) and
subtracts them from the afferent signal. If d and £he heasurement
noise (n} are memberé of stationary Gaussian random ensembles and
the signal A equals zero, thén the minimum-mean~squared-error -
{MMSE) estimate of ¢ is given by the output Qfla lineaf.filtef.

It is this filter, (shown between E and F in Figure 5{2) which
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accounts for the equélization,of the‘signals shown iﬁ Figure 5.1
and which reduces the spufious sénsatidné of motion which would
occur if the signal ¢ were processed as if it arogse from a real
stimulus. 'The assumption tha£ the signal at A is small is, of
course, not always'true sb some liﬁitation must befﬁlaced on the
filtering so as no£ to effect the'pfocessing of suprathreshold'
stimuli. Specifically, if the afferent firin§ faﬁe (AFR) stays
within ¢ 40 (o referring to the effective standard deviation of .
¢ + n) of the resting discharge rate then AER is filtéred as if
A were zero, but if-AFR exceeds #hese bounds,rit‘ié-presumed
that a sufficient éignal to noise ratio exists tb‘obviate the
need for eliminating c. A region comprising t 40 was chosen
SinCE.in the no stimulus case this region would;.for all'practi-
cal purposes, contain c + n 100% of the time. This'limitétion is
modeled by the saturation nonlinearity which is éhGWn between AFR
and E. '

The following procedure is used to specify thé statistics
of ¢ and n and the reaultiné processor (which inciudeé the satur-
ation nonlinearity and the optimum processor H°(s{{;.'

1. For the purpqée of maintaining simplicity thé process

which producesdc is assumed to be such thét c is exponentially

correlated. Thia can be modelled as a white proééss through

a first order shaping filter as follows:

c(s) = m}W(sJ'_- S ( 5.1}_
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where

oy (T} = ELW(E)W(t+T)] = 6 (1) . (5.2)
and thus |
. o 2 :
¢cc(t) = Eic(t)c(t+T)] = iz e=|1!/c2 {(5.3)

The measurenent noise, n, is presumed to be white and there-

fore:

$.,(T) = Eln(t)n(e+1)] = N2 (1) - (5.4)

‘Since the optimum processor li°(s) is determined as a function
of the statistics of c¢{t) and n(t) we must ultimately deter-
mine only three parameters Cyr Cye and W.

2. 1If the signal available for processing were c+n and the
object were to produce an estimate of ¢ with minimum squared
error, then the optimal estimator would be given by the fol-
lowing Wiéner filter:

(cl/ch?z 1

He (8} {5.5)

(n?4n/c,) (& +1)

whore

c _ ' '
1,2,1/2 :
= y 4y {5.6)}

o= gL+
: 2
Since the actual signal available for processing is SFR + ¢
+ n and the object is to estimate (SFR + ¢} we must use a
filter which passes a constant signal with unity gain. Thus

the expression for H®(s) given in equation 5.5 is acceptable

if 5
(cl/qu)

(n?+n/c,)

{5.7)

if
=
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Actually, the optimal filter gain only approacheé unity as
cl/N + o, Although unity gain must be used in the ultimate
model, reasonable values for Cyr Cor and N are obtained if

equation 5.7 is replaced by

. e
- (¢, /Nc,) - Co
o2 . .95 (5.8)

(n?

+ n/cy)

The consequence of making this change is tdlproduce a system
in‘whigh SFR is ésﬁimated and eliminated wiih_norerror while
the optimal filter gain for estimating c(t);iéiih error by
only about 5%. f

3. If the response of

8

1 - H°($) = o | - (5.9)

" to the signals éhown in Pigure 5.1 are degigﬂated'sl(t) and,
32(t), then n is chosen such thatkl

14 o 14 S _
é s, (t) s, () [dt = ész(t)|52(t)]dt | (5.10)
This insures that for a given level of measufément noise and
spontaneous'dischérge variation a .835 degree/sécondvvelocity
step and a .19 degree/secbnd2 aéceleration step will be
detected with equal likelihood during a fouteen second pres-
entation as was found expefimentally. The value of n nec-"

essary to satisfy eguation 5.10 was found to be
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- %E (1 +'(c1/N)231/2 = 173 - (5.11)

4. Since the signals shown in figure 5.1 are threshold

- signals and are thus correctly detected 75% of the time, the
net effect of passihg them through the filter {1- BS{s)}
should be to produce signals sl(t) and sz(t) which when pro-
cessed by the detector should yield 75% correct responses.
The net effect of this condition is to adjust the level of
c{t) and n(t) together so ag to produce the required level
of signal masking necessary to predict 75% performance for
the above stimuli. The detector used for this step is
developed in sections 5.2 and 5.3.

5. Equations 5.8 and 5.11 along with the procé&ure described
in 4 yield thyee conditions for Cy¢ ©5 and W. If 5.5 is

gubstituted into 5.8 we find that

: = 08 (5,12}
o .
o+ (2% ¢ 1+ (ghAt?
or that
cy/N = 20 | (5.13)

If the procedure described in 4 is now carried out for

5 to satisfy 5.13

and 5.11 then 75% performance is reached for one afferent

different values of N while picking e, and c¢

channel when
c, = 4.46
c, = 66 . (5.14)
N = .223
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Since n = 1/3, the optimal filter is given by

H® (s) = ’3'5;1—1 | (5.15)

The linear region for the saturation nonlinearity is bounded
by SFR t40 where ¢ is the effective standard deviation of the
signal c(t) + n(t). Since
o2 , o
- 1 w2 1/2 . o
4o = 4(735 + N%) = 2 ips (5.186)

The regioa over which the optimal pfocessor is allowed to
operate freely is given by &FR=-40, SFR + 40) = (88, 92) ips.

Figure 5.3 summarizes the slowly varying spontaneous dis-

charge and the first order processing. It is interesting to note

that while this system was designed to meet severalfkey criteria,

it also meets several conditions which although, ncf specifically

imposcd, certainly would be expected from acceptable‘models of

vestibulay processing.

For example:

1. It might have turned out that the reasénable region
for signal;p:ocessing (90+40) would not have been
sufficient tb include the‘maximum_ﬁariation in firing
due to threshold stimuli. Inspection of Figure 5.1
shows that this is not tﬁe case since the peak vari-~
ation in firing‘due to a stimulus of 0.19 degree/
second2 is Q.78 ﬁirings/second ﬁhiCh ié well within ’

the specified region of *2.0 firings/second.
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On the othér‘hand, the necessary variatioh in steady
state firing is significantly sma;lef ﬁhan that found
in the most regﬁlar cells recorded by Goldberg and
Fernandez (Ref. 27 ). This would 1ea&,ong to the con-
clusion that the higher centers must be dapable of
combinihg ﬁhe information from severai afferent cells
to achiéve the threshold performance found experi-
mentally. A discussion of this phenomenoﬁ is given
in section 3.1.

The exiétence of this three second filter.would ei—
plain why ﬁésﬁibﬁlar threshold experiments need to
last only ten to fifteen éecdnds. HAs:néted previous-

ly , if such a mechanism did not exist, the maximum

' signal level from a step in angula# acteleration would

occur 20 seconds after the stimulus onset and not
fall to half peak amplitude until 45 seconds after
onset (Figure‘s.l). Figure 5.4 shows fhe.signalé
avallablé_to the detebtbr for a .835 degree/second
velocity.éﬁep and a .19 degree/sec¢nd2.acceleration
step'aftef thé_first order processing. Not only is
it‘believable that these tﬁo.siéhals a;é_equally easy
to detect (as opposed to those iliustrated‘in figure
5.1} but it is also easy to undergtand'whf latencies
which significantly exééed fifﬁeen seconds are rarely

encountered.
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5.2 Detection Using Information From The Suprathireshold Optimal

Estimator

Since the first order processor insures that a threshold .
velocity step (.835 degree/second) and a threshold acceleration
step (.19 degree/secondz) will be equally easy to detect, and
since a model consistent with the "signal in noise" hypothesis

inéqres that a combinat;on stimuli given by

w (t) = K(,835 + .19t) | o san
will only yield équivalént'pérformance if

1/2 < K< 1/V/Z | : (5.18)

wecan conclude that any reasonable detectﬁr which utilizes the
available signals (G in Figure 5.3) should meet ali,pf the essen-
tial requirements. In Chapter Three a Kalman Filter was prbposed
as a model for thé higher céntera' perception of suprathreshold
stimuli. Since such a processor is presumed to be operating any-
- way, it would méke'sense that it could also be used as part of the
detecﬁor for near threshdld signals. |

If éne looks at the output of the Kalman Pilter associated
with the semicircular canalé at any giﬁen time“it isISeen that it
consists of an estimate of the rotation ratefapd an exror variance
for the estimate. Since all processes are‘assuﬁed to be Gaussian,
a probabilit§ distribution for the actuél étimulus mégnitude con-

ditioned on previous measurements of afferent firing rate is known.
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At that instant of time, the subject could report on the probabi-
lity that his instantaneous rotation is to the right or the left
as illustrated in Figure 5.5. All that is needed iz & way to pzo-
duce such an estimate under the known conditions of a threshold

experiment and to.give a model qf the subject's criteria for

issuing a report.

in most vestibular theshold experiments a subjsct assumes
that any motion given him will either be always to the right or
always to the left and not a combination of the two, 'since he is
expected to only give one raporg. ILf ¢the errors in the estimate
of rotation were independent from one interval to the next, it
would be an easy mattér to combine these éstimates to produce the
probability that the stimulus was to the right (or 1&ft}, but
gince these errors exhibit 8ign%ficant correlation from one inter-
val to the next, combining these estimates properly is a diffi-
cult computational task. In fact to combine N such estimates
would involve the computation of two N dimensional Integrals of
the joint probability density for the stimulus history conditioned
on the measurement history. Whiia such a computation could be car-
ried out by a computer, it seems unlikely that the brain would be
doing anything similaxr, or that it would be necessary to use such
a complicated detector for our rnodel° To avoid this computational
problem, the Kalman filter is applied sequentially to each meas-
urement of afferent firing as if it were the only measurement a-
vailable. In this manner we obtain a probability density for w(t)

(similar to the one shown in Figure 5.5) conditioned on only one
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measurcment at a time. Although this does not reduce the cor-
relation of estimate errors from one interval o the next to
zéro, it does eliminate the major contribution to this correla-
tion (the fact that in ¢the usual XKalman filteyx, the estimate
error at one time is propagated and becomez part of the errorx

of subsequent estimates }, With the error correlation signifi-
cantly reducéd the assumption of independence is reinstated and
the estimates can easily be combined. If PR/G(ti)(ti) is the
probability at time t, that the motion is to the right given_the
measurement of G at ti; then the combined probability that the

motion is and has been to the right at time ty is given by:

Polty) = 3o (5.19)
and to the left is
Poltg) = g = L~ Pplty) (5.20)
wherc
N
A 121 PR/G(ti)(tij (5.21)
N N :
B :igl PL/G(ti)(ti) = izil-PR/G(ti)(ti)) (5.22)
and‘PR/G(ti)(ti) ié obtained by calculating the appropriaté arca

under Pw(t)/G(ti) as illustrated in Flggre 5.5,

Alternatively (see Ref. 7 ) the log of the ratio of P(t )

to PL(tn) can be updated sequentially as follows:
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iR . (PR/G(tn)) 523
o = 1ln = p__4 + ln(z—— - .
n PLZti n-1 PL/G(tn)
é Py * ln(A(G(tn)))
o | | N Fere y/r
where A(G(tn}) is the likelihood ratio defined as T -
' ' : G(tn}/L

The above scheme leads to an accumulated probability that the
rotation was to the left or to the right,'but still does not tell
us what criteria a subject will use for ﬁaking aerPOrt.

In the experiments conducted at'Langiey Reseérch.Center and
reported.in Chapter Four the sﬁbjects wére'reqqested to report
their direction of rotation only if thef had sensations of moticn
significant enough so that'théir report would not be'merely a
Quass. For this reason the minimum criteria fgr iésuing a report
'consisted.of Pﬁ(th either exceeding .75 or diminishing below
.25 (implying that PL(tN) * .,75). Another conéidéiation which
should be used in choosing a reporting criteria is that éubjects
are aware that they have at least 13 - 15 geconds to issue their
report. Thus, before 13 seconds have elapsed the criteria for
issuing a report isistricter than 75% due to the fact that a
reasonably motivated_subject'would not report,withronly 75% con-
fidence early in the experiment éiﬁce he would know that his period
for reporting had significant time remaining aﬁd hé might as well
.obtain more data before-éommitting himself.. As a result of these
considerations the reporting criteria shown inlfigure'S.G was used.

.It should be made clear;that'any reasonable decision boundary
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could be used since the basic integrity of the model is not depen-
dent on this particular profile. The level of measurement noise
and base rate variation was adjusted, in the manner described in

2 acceleration

the previoue section, until a .19 degree/seconad
'stép‘was'correctly identified approximately '75% of the time.
The necessary valﬁes for ¢y and N to.obtai@ 75% perforﬁance are
given in 5.14. As éxpectéd, equivalent performanCe“for a

.835 degree/second veldcity'step and a combination stimuli

(W (t) = .67(.835 + .19t) degree/second) was reached for the
saﬁe noise level. A typical correct response simulation and a
typical incorrect response trial are shown in Figﬁrg 5.7.

Due to the numefical complexity of this‘detécﬁbr which
requires the éimulation of a Kalman filter, large écale Monte
Carlo simulations are impractical, Thus,.whilé‘extenéive
latency histograms as a function 6f,stimulus magnitudé and type
are not availabie it is possible from the number df-éimulatiOns
made to indicate the general nature of the résponse-létencies.
First it is clear that as stimulus magnitudés afe increased,
latencies uniformiy decrease independent'of'thg stimulus typé.
Secondly, the shortest latencies are associatéd,wiph‘velocity
step stimuli, the iéﬁgest with acceleration step stimuli and
intermediate latencies are found for combination stimuli. All
of these predictions are consistent with the available experi-

mental data for rotational_thresholdé.,
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5.3 Simplified Detector Model

The only major drawback of the detection model described in
Section 5.2 is its numerical complexity and the resultant ex-
pense required to make a sufficient number of simulations to get
meaningful statistics. For this reason an atkempt was made to
produce a model which gave egquivalent performgnce, but which had
. sufficient gimplicity to make large Monte Carlo rung realistic.

The best way to reduce the numerical complexity of the
detector is to eliminate the Kalman filter and to try and use
the available signal in a simplér manner to.generate a decision
parameter. §ince any such sim?lified detector is likely to be
less efficient in detecting thé gtimulus than the..subOQtimal
Kalman detectof, we can expect one of two consequences. Either

1} if the same noise level on the afferent signal is main-

tained then more afferent channels will hﬁve to be
processed 1f the same performance i to be achieved,
or 2) 1f only one afferent channel is to be used then similar
performance will require a reduction.in-the afferent.
noise level.
Thesc conscqﬁences_are not significant théugh,[since our object:
is to obtain cquivalent performance with a minimﬁm of computation-
al effort, regardless of the details of the model (e.g. ndise
level, number of afferent channels, ete. )
Typically, a detector consists of a decision parameter

(which is a function of the available signadl) and a set of
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reporting criteria which the decision parameter must meet before
a report is issued. One‘poséible decision parametet cou;d be
formed by integrating the available signal and issﬁinq a report
if the parameter ekceeded certain bounds. There are ﬁwo problems
with this solution, PFirst, the result of integratiné a zero mean
random process 1s to produce an oufput_similar‘to a random walk
whose variance inc;eases without bound aé time'increéses. Such a
model would predic£ a large‘number of reports in thé absence of
any stimulus input. While such‘réporta are observed experimentally
they are relatively rare. SEcond;y thé‘paramétér‘farmed by simple
integration does not take sufficiant'advantége of'the'initial
prominent response Eb'a velocity sﬁep-stimulué, Iﬁ fact, its
expected value asymptotically approaches zero as t goes to infin-
ity. Inspection of Figure 5.4 reveals that‘for a véiécity.step
stimulus the available signal is of the correct sign and large
for a short time and of the wrong sign and small for a much
;onger time. fhe optimum Bayes detectqr”fof-tﬁe case in which
ohe wishes to distinguiéh 5etween two uncorfelated signals with
different variaﬁges consisté'éf a_square'law déviée_and an integ-
rator (Ref 69, 71 }. Such a detector-tendstO'ampiify the
importance of la);.'ge déviations more than small,'oh.es. ‘This charac-
teristic is useful in the case of a‘velocity §tep since it weighs
the initial prominent signal much more than the small undershoot.
One drawback of this procedure is that by squa:ing.ﬁhe available
signal the sign of the signal is_idst and_thus it‘would.be.impos-

sible to distinguish between right and left moving stimuli.
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The decision parameter must therefore meet four key criteria:

1., It must be able to distinguish right moving from left

| moving stimuli, |

2. It must have a bou;ded variance iﬁ response to &
no-stimulus trial to reduce the probébility of a
false ala?m to a level consisetent wi@h.experimental
data.

3. The pxocéssor which gives rise to the decision para-
meter must have a form consistent with that analyzed
in Section 4.2 and therefore be consistent with the
"gignal in noise mo&elf predictions illustratad in
Pigure 4.4. |

4. I+ should inceorporate some technique for taking

'advantage of the larger magnitude of the initial
response as compared to any subsegquent undershoot.
& detector which satisfies these four conditions and which
i numexically simple is shown in Fligure 5.8. The first condition
is satisfied since the product q(ti)IG(ti)I which drives the
processor which generates H retalns the same sgign as G(ti)a The
variance of H is bounded in response to random processes with
bounded variance since H is the output of a discrete time first
order filter. .A filter time constant of four seconds (e“l/4 = . 78)
was chosen to reduce the false alarm rate to‘less than 10%. This
decay mechanism also serves as a mémory limiter since it progres-
sively discounts the importance of information as that information

grows older. The third condition is fulfilled sihce the linear
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operator which processes G(t) [G(t)]| satisfies the requirements
of a "signal in noise” processor as given in Sectliop 4.2. Fin-
ally, since G(t)'s contribution to a change in H is proportional
£o the square of the magnitude of G{t), H responds with increasing
sensitivity as |G(t)]| iacreases.

The minimum computational effort will be reached if only one
channel is simulated. For this case (N=1) the measurement noise
and resting discharge variation must be reduced by a factor of

v ¥3 so that for this simplified detector

c, = 2.58 '
(5.24)
N -129 '

and the eguivalent reduction capability of the central processor
would be given by (see Section 3,1.2)

Reduction Capability = (m%%%)z w1560 (5.25)

which is three timesrgreat@r'than was necessary for the suboptimal
detector using the Kalman filter. The response dslay has not
been modelled but it is expected that the delay is longer thaﬁ
typical reaction times since it arises from the cons:zious weigh-
ing of barely noticeable perceptions. In fact, the delay may be’
a function of how much the detection‘parameter, H, exceeds the
decision boundary since a large H would imply an easier decision
and thus less deliberation. In any case a Rayleigh or Maxwell

A

distribution for the response delay with a mean delay of one or

two scconds should yield reasonable pre&ictions concerning re-

sponse latencies.. . Finally the decision boundary (D) was adjusted
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to insure that an écéeleration step of 0.19 degxee/second2
would be detected 75% of thé.time.

The model shown in Figure 5.8 was simulaﬁedrusing the
parameter specifications outlined above.- The computational
sinplicity is revealed by the fact that over two thousand,
twenty second simulations could be run with aéprokimately one
minute of central'processor time. The results of simulations
using various stimuli of differing magnitudes is summarized in

the next section.
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5.4 Summary of Model Predictions for Detection Probabilities

and Latencies

Velocity step, acceleration step and combination stimuli
were tested to determine the model’s pre&ictioné_concerning the
probability of detection during a fourteen second trial and the
distribution of detection latencies. Figure 5;9 summarizes the
performance predicied by the model as determined by Monte Carlo
simulation. Each point represents the results of one hundred
simulated trials. Stimulus'magnitudes are referred to the

experimentally determined threshold levels as follows;

oV (.835) deg/sec velocity step (5.26)
Tl{cN = o™ (.19%) deg/sec | acceleration step
N

o (K(.B35+.,19t) deg/sec . combination

where o = 10°T = .1259

1}

K= .67 (determined from Figure 4.,12)

and N

-2,-1,0,1,2

While it is impossible to determine the precise threshold
predictions in this manner it is clear that the predicéed thres-
holds (75% correct response) are between TH/& and THo for all
three stimuli. It is unnecessary to determine tﬁe exact thres-
hold predictions with any more precision than this since much
larger variations are seen experimenially ameng subjects.

Figures 5.20, 5.11 and 5.12 illustrate typical time histories
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of H(t) for each of the three stimuli. In each case one correct
response and ‘either # false rasponse or no respdnse'trial is .
shown.- |

Figureé 5.13, 5.14“aﬁd'5.15.summhrize the model's pre-
dictions for response latencies at threshold (no reaction delays
are included in'théSe'figufeé). Short latencies for velocity
steps, relatively long latencies for accelera;ion steps and
intermediate latencies for combinﬁtion stimuli are typical of
the results. It is clear from the model that in all cases

average latencies will decrease as stimulus magnitudes increase.
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'CHAPTER VI

STOCHASTIC MODEL FOR DETECTION OF NEAR THRESHOLD CHANGES IN

SPECIFIC FORCE

Thé model for threshold detection of rgtational stimuli
. was found,tq,consist_of ﬁhree distinct components. ‘The first
is a linear model of the afferent response of the,éemicircular
canals. The purpose of the second componeht, réfefred to ag
the first order processor, is to glimihate the sédntaneous
firing rate and any associated low amplitude, low frequency
variations from the afferent sién;l. The Ehird‘an& éinal
section models the detection and ae¢ision processes which
utilize_the-signal available at tﬁe output of the,first order
processor. Detectibn of'changes-in specific force can be |
‘modelled u51ng the same fundamental approach except that the
relevant sensory 31gna1s are now. those associated WLth the
otolith organs.

A linear model‘relating changes in séecific'force to
changes in the affarent,firing'rates_from thg_ﬁtridular and
‘saccular organs wés developed in section 3.2 and wili be em-
ployed here without modificatién; The requirement for‘a first
order processor, simiiar to that fdund.hecessary for the pro-~
cessing of semicircular canal information, will ﬁe-discussed
in 6 1. Whilela suboptimal détectdr employing‘théfappropriate
Kalman filter could be developed for the otollths 1n a manner’
similar to that done for the semlclrcular canals (Sectlon S 2)

it was.decldcd that the benefits 0§-thls.approach.were far
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outweighed by the aséociaped computational complexity. Instead,
é successful attempt was made to implement a detector similar
to the "simplified detector"” developed in Section 5.3. The
specifications of this detector are outlined in Section 6.2

and Section 6.3 summarizes the resulting model predictions.
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6.]1 Necessgity for First Order P:ocessing

The problem of detecting linear acceleration regquires
the higher centers to distinguish changes iﬁ the"firing rate
of first order otolith afferents. If, in the absence of
acceleration or tilt, the diécharge level was truly constant |
and if this level was precisely known by the.highet centers
than it could siﬁply,bé:subtraéted and the fesultahﬁ signal
processed. On the dther_hénd,'if the spontaneous discharge
level is not stable, but instead varies sl¢wiy within some
known bounded region‘then some mechaniém-ﬁust‘be posﬁulated
to distinguish beiween small changés in'the'affefent firing
caused by stimulation of the otolith organs and those caused
by normal variations in the spontaneous discharge level.
There .are several approaches which the system cbuid take to
solve this problém. One'approaqh would be to ignore the fact
that some low frequency low amplitude changes inzthe afferent
firing rate are not stimulué'relatEd'ana merely subtract the
average spontaneous discharge rate from the‘a£ferent firing
rate and therefore'process the;resultihg signal as if ‘it arose
from a true inpuE stimulus (sééiFiQure 6.1) . - The problem with
this approach is that one would continually_bé alerted to
accclerations and tilts which did not actually take place. Such
a high false alarm fate is unadcéptable and as in thelcase of
"the boy who cried wolf" some ﬁéchanism will arise‘to inSuEe

that such continual false alarms will be ighored. If these
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low frequency varistions occur, say 99% of the time within

some bounded region of the average spbntaneous firing rate
then a second apptoach (see Figure 6.2) would be to ignore
completely any change in the £firing rate which.takes place
within this bounded ngidn.» This approach would €olve the
problem of a high false alarm rate since the signal avail-
able to the .detector would only rarely differ frém zero when
there was no‘cbrresponding stimulus piesent. The problem
"with this approach is that tod much information is ihrown
away unnecessarily.. While it is true that s@all dhanges in
the afferent firing rate which have the sama'SPecﬁfal compo-
sition as those arising at ¢ (Eigure 6.2) bﬁt“which are due
to true stimulus inputs cannot ﬁe distinguished from those
arising at ¢, it is not trxue that signals with a different
.spectral composition could nof bé disﬁinguishedf' rhé siﬁp—
lest model for a spectral decomposition limiéed'to variations
in the firing rate neaxr the known average rate of spontaneous
discharge is shown in Figure 6.3. Tbe'médel shown in Figure
6.3 isractually a compromise between the mode}.showg in Figure
6.1 and that shown in Figure 6.2; Inrthe first model, the
presumption is that all variations in'the fi#ing raﬁe regard-
less of their freQuency content will be éssuméd‘to_afise from
stimulﬁs inputs to the sensory ofgans; In the second model
the presumption is that all faria;ions'withiﬁ a bounded reéion

regardless of their frequency content will be presumed to
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arise from the process ¢ and mugt therefore be eliminated. In
the third and final model the presumption is made that for
small variations in the firing rate the low frequehcy.portien
of the signal vafietions arise from the process c*ahd the high.
frequency portien of the variations arise from a etimulus
which must be detected. To this end the first ordef processor
passes high frequency.variations while eliminatihg low fre-
quency‘variationsf |
It is*interesting to ndte that this first order processor,

while essentlally ellmlnating the dlrect effects of any low
frequency varlatlons in the spontaneous dlscharge, preserves
the systems ablllty to detect the most 1mportant class of stlm—.
ulus dlsturbances, specifically abrupt changes in SpElelC
force which will lead most rapidiy to .a eignificent,change in
one's position. |

7 The above analysis of first order processors is eqﬁelly
applicable to the wodelling of the perception of near threshold
rotaﬁionai stimuli based upon semicircular canal‘&fferente. For
the case of rotational stimuli the first'Orde%Aprocessor was
poétulated to eccount fer the unagpected ratie of Ehe velocity
step threshold to the acceleratlon step threshold (Sectlon 5.1}).
No such experlmental d;screpancy EXlStS for the otollth organ.
The only significant lmplicatlon of the flrst order processor.
for threshold detection of steps in specific force would be a
slight shortening of the predicted latencies. Figure 6.4

shows. the signal available for detection in the case of a

1
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thrcshoid.stép in specific force (.005 g} for varioﬁs values
of the filter time constant, 1. Figure 6,5 shows the resiult
of passing each of these signals though the detector used for
the semicircular canals (Figure 5.8, N=1) and nofmalizing
their peak responses. Since the average detection latency will
occur about the time that H(t) peaks it can be concluded that
as 1 decreases the average predicted latency will tend to de-
crease. It is difficult to choose a value for T based‘on
these curves since they are only approximaté indicdtors of
predicted latencies ahd since thg prédicted latencies do not
change radically Qifh chaﬁges in 1; In fact, given~é small
leeway in choosing the statistical distribution of the response
delay T, any of the wvalues for T shown would be in reasonable
agréement with the experiﬁentally determined latencies (Ref.517).
If the mean response delay were presumed to be between one and
two seﬁonds for near threshold stimuli then ény‘Value of T
greater than or equal to three aeédnds would be reasonable. In
section 6.3 the model predictions will be glven for 1=3 seconds
and 1= 30 seconds, to show the effegt of‘ton the predlcted lat-
enc;eq

Qpec1flcatlonSECW'the low frequency variations in the
5p0ntaneous firing rate can be determlned in the same way as
was done for the. scmlclrcular canals in Sectlon 5.1. The equa-

tions which must be satisfied by N, cy and ¢, (see Figure 6.3

2
and Section 5.1) are:
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( Cl)z
— 'i_i . ~ : = .95 (6.1)
0o+ (3)% + e (A2 '
c o -
or | Nl e 20 | i - : R (6.2)
and : ,
1 01)2 1/2 | _ ‘
-—-T-c-; (1 + (“""ﬁ‘" ] l/T . (6.3)
‘N was determined-in Section 3.2 to be
N o= .147 | S (6.4)
Thus from Eguation 6.2 | |
c, =294 | |  ', (6.5)
and from Equation 6.3 . _
c, = 20T - ‘ (6.6)

2

]
!

The oﬁly parameter which remains unspecified in Figure
6.3 is the region over which the first oxder prccéssor oper-
ates lincarly. The llnear reglon for the saturatlon nonllnear—
ity shown in Figure 6.3 is bounded by SFR*40 where 0 is the
effcctlve.standard dev1at10n of thg.nonstlmulus related signal

variations. 0o is given by

c 1/2
1 ] (6.7
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6.2 Simplified Detector Model

A

The simplified detector which was used to modellthe de=
tection of near threshold rotational stimuli (sée.Figure 5.8)
is also capable of predicting t@reshold perform&nce'for detec=
tion of steps in lateral acceleratlon. Since the minimum
computational effort is required when only one channel is
gimulated, N is set equal to 1. The motivation for the struc-
ture of this detector is outlined in detail in Section 5.3
and is not repeated here.

The response delay e '°, which represents the sum
total of all delays which are nét related to the time history
of the signal available for processing, is not modelled in
detail here except to remark that T should be:vieWed as a
positive random variable whose minimum value ghould be set
equal to three or four hundred milliseconds (which represents
the time normally associated with suprathreghold reaction
times} and whosc mcan value'shoula be set'to pne or two sec-
onds. The value of D, which represents the minimum deviation
of the decision parameter H(t) which will pro?oké a response,
should not differ significantly from the value found for the
scmicircular canals. The exact value of D caﬁ be chosen in
two ways. Eithers

1. D can be adjusted to yield a threshold prediction

which is the same as the experimental}y determined

value and then D compared to the value found for the

’
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semicircular canals to check if it is reasonable.

or 2.D ¢an'be set to the value found for ﬁhe_semicircular
canals, thé model’s theShbld pfédictipn déée:mined
and then this threshold prediction‘cqméafed to the
experimentally determined thresholdsg
For the case T=3 seconds, which is the same ﬁ;ma‘éoﬁstant used
in the first order processor forxr the semicircﬁlar canals, there
is no need to apply both procedures sgince for D = 0.16 (the
~ value used forlthe semidircplar canals) the.;esulting threshold
{75% correct detectibn) ié .005.‘grf’_or ﬁhe_ utricleé é,nd .010 g
for the saccule. These values areiin complete‘aéreement with
those of Meiry (Ref. 51 ). - For f=30 'seconds, a vélué of
D = .32 is necessary if .the aboﬁe,threshﬁld v&iuéé;&fé desired.
This is only a factor of two greater thén;tﬁat used for tﬁe
semicircular canals. If D'is set}eqﬁal‘ﬁo .16 then'fér T =30
seconds the prediéﬁéd utricular tpréshold‘would_bé approximate-

ly .0035 g and the predicted sacoular threshold would be ,007 g.
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6.3 Summary of Model Predictiops for Detection Probabilities

and Latencies

Acceleration steps of five different magniﬁudes were
tested to determine the model's predictions for the probabi-
lity of detection during simulated fourteen second trials. If
"TH" is used to designate an accegleration step ofAQD@S g then
the utricular model was tested with steps of magnitude TH/0?,
TH/o, T, THo and THo? where o= 10‘1. Figure 696 sunmarizes
the results of these Monte Carlo simulations. For the simu-
lations in which 1=3 seconds the decision level D was set to
.16 and for t=30 seconds D was set to .32, The predictions
are essentially equivalent with 75% performance occurring for
a stimulus magnitude of .005 g. Each data point shown in
Figure 6.6 is the regult of 210 simulated trials. Using the
same value for D in the saccular model will rasult in essen-
‘tially the same curves shown in Figure 6.6 except that TH
would have to be seﬁ equal to .010 g since the sensicivity of
the saccular organ is onlv half’ t+hat of the utricular organ
(see Section 3.2). Thus the threshold prediction for the
saccules would be .010 g. |

Figure 6.7 shows the time-history of the detection para-
meter H(t) for a correct resbonse trial and an incorrect re-
sponse trial for the model with 1=3 séconds; Figu;e 6.8 shows
the same simulations of the model for.rmao seconds. In both

figures thg stimulus magntiuvde is .005 g,
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Figures 6.9 (71=3 seqoh@s) and 6.10 (t=30 secoﬁds) sum-
marize the predicted distributions of the response latenciés
due to the time history of the s%gnals availabie fo; detection.
Thuse.disﬁribuficns:do not inélude the response delays modelled

-Ts

by ¢ Inspection of Figures é:g and 6.10 reveal that for a

tenfold increase in T the predicted increase in the average
response latency would only be, approximately one second. Since
this difference in latency,can. juai .ag easily be incorpoxated

in the term e ~Is

the value qhosan for: T%is not very critical.
One of the most ;ntexeatingf1mp11caplons,of these results
is that the detection précesseé;whiéﬁ make use 6f the signals
available at the afferént level for the semicircular canals
and the otoliths can be modelled as if they were ldentlcaI, In
both cases the affcrent signals were corrupted thh white
measurement noise and IOW‘frequency variations in the sponta-
neous discharge. "In.both_caSeg a Weiner filtéf was ugsed to
estimate these low ?requency‘variations whichuweré then sub-
tracted from the afferent"firing level td prdduce a signal
which presumed to consist of a whlte measurement noise process
and possibly a sxgnal related to a stlmulus actlng on the
sensor. Finally, identical detectors with the same detection
parameters and the same criteria for issuing a report were
used to predict near threshold Q¢tectioﬂ;perf§rmance'consistent

with experimental data.
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CHAPTER VII

PERCEPTION OF STATIC ORIENTATION IN A
CONSTANT SPECIFIC FORCE ENVIRONMENT

In previous chapters the perception of rotation or ac-
celeration was always presumed to originate from the simple
stimulation of a sfhergistic pair of sensors (e.g. the right
posterior canal and the left superior canal) and no considera-
tion was given to the problem of integrating the sensations
arising from more than one synergistic pair'(e.g. tbe hori-
zontal canals and the right posterior and left‘sﬁperior can-
als). For the case of the semiéircular'canai'sysﬁem the
simplest solution to this problem wouid'bé té‘bostﬁlate that
since the planes of the three canals are roughly orthogonal
that the sensatibns whicﬁ arise from each synergiétic pair can
be considexed the COmponeﬁts ofla vector which represents the
net sensation of rotation. While it iz true that thé.sensiﬁive
axes of the canals do not éoincide with the conventipnal roll,
pitch and yaw axes to which we tend to relate any sense of
rotation, the sensation of rotation relative ﬁo the conventiona1
hody axcs can belde:ived using a .simple transformation of
coordinates. | . |

A similar approach to thé p;oblem of‘ihtegraﬁing ﬁﬁe |
sensations ffom the utricles.andﬁthe sacculés w0q1d'yield

a model which was in agreement withthe gross-naturé of the
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steady state perception of tilt. If the sensitive axes of the
otolith organs formed a mutually orthogonal get and the
steady state sensitivities of these organs and their orienta-
tions with respect to the head were accurately asgessed, then
an unbiased estimate of the head's steady state orientation
with respect to a constant specific force environment could
be made. (Specific force or gravito»inértial reaction force is
-defined as the difference betwgen the g?avitational force
vector and the vector representing the translational accelera-
tion with respect to inertial space.)} ﬁnfortunat&ly axperimen~
tal data suggests that the peréeption of tilt is biased and
that this bias is a function of the intensity of the specific
force field {(lg,2g, etc.} and the orientation‘of thé head
relative to the local direction of specific force.

The purpose of tnié chapter is to discuss the nature of
thesc biases and to suggest a simple modei for the infegfation
of otolith information which will yield predictions consistent

witli the available experimental data.
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7.1. Perceptual Illusions of Static Orientation

The first syétehatic investigation of man's perception
of the vertical was carried out by Mach [ 45,'46, 471
beginning in 1873. In Mach's experiment the subject was
rcﬁated in a centfifﬁge at.a constant rate while facing in
the direction of rotation. The net specific.force was such
that the subject inﬁariably felt tiltéd‘away from‘tﬁe center
'of rotation. When a plumb ‘bob was sUspended-inside the
centrifuge Mach reported that his‘sensatiqn of the vertical
was generally aligned with the direction indicated by the
plumb bob:(i.e. aligned with_the local direction oflspecific

force) .

In more recent vears numercus psychbpﬁysiéal‘éxperimehts
have been conducted, e.g.,[ 11, 12, 29, 30, 52, 56, 57,
63, 64, 72, 74, 75 1 in which subjects were tilted with
rospéct to the local airectiﬁn of specific force and then
requested to indicate their perceived Yertical or horizontal.
In addition Cohen [ 17 ] and schdne [ 63l}'inves£igated the
effect of specific force magnitude and pitch érieﬁtation on the
perceived angle of vitch, | |

The mechanism used to genéfate sustainea;tiltiangles and
the apparatus cmployed to permit the subject to indicate his
o;icntation are crucial to the'interp:etatiqn of tﬁe exXperimen-

tal results. For experimental results to be . useful in modelling
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the static sensation of orientation as a function only of

the output of the otolith organs several key criteria must

be met.

1.

There must be no visual information available to

the subject which in any way affects his percep-
tion of orientation. The ideal way to meet this
condition would be to have the subject's eyes closed
but unfortunately this eliminates the most reliable
methods for the sUbject to indicate his orienta-
tion, Therefore the experimentexr must strive to
design an indicator which has the least influence

on the subject's perception of orientation; One
common solution to this problem, while probably

not optimal, is to display a luminous line which

the subjcct can manually rotate by means of a knob
to indicate his perceiwvgd vertical in an otherwise
darkened enclosure.

Pata concerning the subject's perception of orienta-
tion must be collected after the experimental
conditions have stabilized and have remained constant
for a period sufficient to abolish ail'response

from the semicircular canals. While one minute or
more would be preferred a period of no less than
thirty seconds should be adequate. There have been

experiments reported in which a subject seated in a
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centrifuge is slowly accelerated while inétructed
to continuously report his perceived orientation.
while the results of three experiments are useful
indicators éf the phenomenon we are investigating, .
they should be analyzed carefully with reéards to
the poésible conﬁaminating effects of both canal
involvement and the dynamic portion of the otolith
response;'especia}ly at times justrfollowing abrupt
changes in acceleration. |

3. 8ince the effect of proprioceptive inférﬁation on

perceived'orientatioq is'not the dbjec£ of "study
_here, it is important that thiS'soﬁfce of information
be eliminated insofar as possible through suitable. |
head and body supports. |
and

4. ‘Instructions to the'éubject must clearly-ihaicate_-
‘that his task is to indicate_;hé.orientation of the
earth vertical and_not_his'peréeption:of the direc-
tion of net force.

With thesc criteria met and a clear reéofd of both the
specific foree mngﬁitude-and the drientation_df the head
with respect to the local direction of specific forée a
reasonably consistent set of QXperimental.daﬁé emerges,

In a certain class of experiments in which a subject is
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tilted laterally with respect to the local direction of
specific force the subject perceives that his tilt angle is
less than the objectively measured angle. This effect

is named the Aubert effect (or A effect { 3 1). The Aubert
effect manifests itself in several ways. If for example

a subject is tilted to the right in a 1g environment while
viewing a stationary vertical line he will sense that the
linc has rotated counterclockwise and is now tilted to the
left. Alternately if the éubjact is ablé to control the
orientation of this line he will tend to rotate'it in the
same direction as his own tilt'in order to have it appear
vertical to him. 1In a separatg class of experiments a subject
will experience a senéation opposite to therone deécribed
above. An objectively vertical line will avpeay to tilt in
the same direction as the subject's tilt anéd he will thus
perceive his tilt to be greater than His actual tilt. This
effect is known as the Miiller @ffect (or E effect) and was
Eirst described by Miller in 1916 [ 53 ]. Although the E
effect is normally associated with either a transient sen-
sation or with experiments in which the magnitude of the
specific force vector is greater than unity, some investigat-
ors [ 75 ] have rcported a milg E effect for small roll
angles in a lg eﬁvironment. While the ferms "Aubert effect”

and "Mlller effect" may be useful in discussing the outcomes
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of certain experiments they do not by themsgelves serve to

Vclérify the mechanism which underlies the general phenomenon

associated with the perception of orientation. | |
For reasons which will soon become clear all of the

experiments with Qﬂicﬁ we are concerned will be divided

into three basic categories. Figure 7.1 illustrates the

three categories. -Consider a éoordinate system whose y

axis is aligned with the head's pitcH axis (pitch forward

is positive), whose z axis is p%rpendicular to the

"average plane of the utriéular haduia (i.e., approkimately

0= 25-30 degrees pitched back :elative to the vertical when

the head is in a normal erect pbsition [ 19D aﬁd_whcmax axis

is .defined by a right handed cross product
=i x i g ' . (7.1)
If the steady state 'specific force vector for a given
experimental trial is referred: to these axes as follows

SF = SF i + SF_i

. iy * ST, . (7.2)

Z
‘Where SF_, SF,, and SF, are expressed in g's

we can categorize that experimental trial according

to the following rules:

If SF, > - cos(0) then designate as category A

1f SFZ

]

- cos(0) then designate as category N (7.3)

N

If,SFz - cos(6) then desiqgnate as category E.
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Figurc 7.1 Illustration of Specific Force Stimulus
Categorizgtion
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This categqgorization will be better understood if it is
noted that fof_an experiment with the heéd'ergct in 1 g the
rstimulus'is of ty?e N. adding any accelerations in the Xy
plance of the coordinate system just described Wiii not alter
the stimulus type. The crucial test is whether or not the
component of specific force in the z directian is more
neqative (type E) or less negative (type A) Ehan-ih the case.
in which the head is erect in 1 g. | |

In reviewing the fesu;ts of several experiments, each
trial will be assigned ﬁo the gppropriate‘cate§ory énd the
directipn of the mean bias  in per&eived orieﬁtatioh relative
to the net specifié force noted. 2s a preliminary éxample,
the experiments by Mach described at the béginniﬁg of this
section are of type N since the supiectis heéd,ﬁas erect in
1g and an additional component of specific force was added
in the n&qative y direction. Sincé this change in specific
force did not alter the z component of specific force the
category remains the same as "head erect lg "-:namely cate-
gorf N. Mach‘s_experimental:resﬁlt was ﬁhat the vertical wasr
aligned with the net specific force withbutlanf net biés.

More recent céﬁtrifugé experiments have confirmed Mach's
results. Noble [ 57 ] in the same mannef as Mach, was able
to test subjects' pérceptidn of the vertical‘forAspecific
force vectors making an angle of from 6 toA40 degrees with

respect to the vertical. Noble concluded: "The empirical
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function corroborates Mach's original hypothesis; vis., that
Ss adjust V_ in accordance with the resultant 6f centrifugal
and gravitational forces.” We will £ind that this hypothesis
is not gencrally true except for tvpe N stimuli.

Claxrk and Graybiel [ 1l ] conducted én experimént similar
to that of Noble's except that the centrifuge was.slowly
accelerated up to its maximum rate of rotation while the
subject continuously tracked his perceived vertical., If the
small tangential acceleration and the dynamic effects of the
slowly changing stimulus is ignored then this éxperiment can
also be classified as type N.. Clark and Graybiel described
thelr data as follows: "The data also show that when radial
acceleration is increased slowly, as in this experiment, the
subject adijusts to the resultant force accurately, with a
slight tendency for the perception to lag b@hind the stimulus
and a tendendy to set the line at a position’slightly greater
than 9. 1Insofar as the accuracy of the séttings is conéerned
the data supwort the results of...Noble.% Other category W
experiments were conducted by Clark and Graybiel [ 12, 30 |
with similar results. Thus, for.these type N experiments, the
gencral conclusion can be drawn tﬁat the perceived vertical
is aligned approximately with the specifﬁc force wvector.

Schone [ 63] conducted a thorough set of experiments using

a centrifuge to chahge the magnitude of the specific foxce

vector, SF. His experiments differed'from those described
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above in that he did ndt‘ppt his subjects in an eréét
position relative to the earth vertical_but‘vaxied their
orientation éystematically with respect to SF. lIn.doing SO
he conducted some trials in each of the threé categories.
Figure 7.2 summarizes Schdne's data for the case in which
the subject's roll angle (lateral tilt) is varied ih alg
and in a 2 g environment. The_egperiments iq lgr are all
category A cxperiments (except for the case with zero roll
angle which is category N). For the experiments in 2 g

the z component of specific fofce is given by

SFz :-2cds(¢)cd§§e) ' ' 1 (7.4)
where § = roll angle of head with reépe¢t to SF,
and 6 = tilt angle of the utricular macule with
respect to the sagital plane (approxiﬁate;y 25-30
degrees, see Tigure 7.1).

Therefore the experiment is of”category E if cds(ﬂ) > .5

( ¢ < 60°}, category N if cos(®) = .5 (@ = 60°) and_categéry

A if cos (@) < .5 (¢.> 60°). Referring again to Figure 7.2

it is clear that all category A experiﬁents exhibit the Aubetﬁ
_effcct, éll category N experimeﬂts exhibit essentiaily no

bias, and ail categbry E_ekpefiments exhibit the Miiller effect.
Schone repeated the tests in qﬁe g under wétef to test for

the possible influence of thé tactile sense on pe?ceﬁtion of

orientation. The results of these tests are in general
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agreement with the 1lg curve in Figure 7.2 with the pnly'
difference being a slightiy greater Aubert effect for ¢
greater thén 90°. |

Finally Schone varied thé“pitch orientation (a) of the
subject relative to the local directioﬁ of SF for different
specific force ﬁagnitudes. Subjects were instructed-to
adjuét the vertical position of a luminous spot until it was
"on the horizon" or "until he gees it at eye level." Figure
7.3 summafizes‘the data from thése experiments (constant
errors have beéﬁ elimi;zted by defining the perceived pitch
angle when the head is erect iﬁ i;g as zero). |

To categofize'these éxperimental trials it is necessary

to calculate the z component of specific force.

SF,(a, G) = -Ggcos{8-a) - (7.5)
where 8 = 25-30 degrees
a = aﬁglé subject is pitched down (Figure 7.3)

and G = magnitude of the specific force vector (g)

All experimentally determined data points shdwn_in Figufe

7.3 (G21) have associated values of G and o which'satisfy
SF,(a, G) < - cos(6). . (7.6)

and therefore the experiments which gave rise to them must

be characterized as type E. To jnterpret these expérimental
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results it is convenient to refer to éhe subject%lperCeivéd
directionqu "down," which can be derived from his indications
of the horizon, énd ﬁo compare this with the direction of the
“ spoecl fic force vector. All data points confirm to the
following rule: the true direction of SF is alwéys between
the perceived direction of "down" and the negative z axis
(-i,}. This is eqﬁivaleht to a Muller effect in pitch with
respect to “iz‘ In other wﬁrda the deviation of the per-
ceived down from -i, will always be in the éamé direction but
of gréater magnitude than the actual deviétioni@f the specific
force from -i, for a type E expefimentm_ This effect .is almost
nonexistent for the lg;‘curve bu; becomes pfogressiﬁely |
greater as the ineguality given ih 7.6 is Strengthenea."The
fact that all the curves cross'ét o=8 is to be]expected since
at ‘this point -i , SF and the perceived airectianOf-"dOWn"
will all coincide. Finally the data points for 1.9g, 1.6g,
1.3g'and lg can bc'extragoiated at each value qf ¢lto yield
a prediction for the percéptidn of down at .5g and 0g. in

these cases

SF, (x, G} > = cos(8) .
and thus the corresponding experimerits would be‘of type A.
This extrapolated data conforms to a rule just opposite to

that previously stated. The rule governing this data would be:

the perceived direction of "down" is always between -i_ and SF,
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This is equivalent to an Aubert effect in pitch with
respect to -i_. Data from Cohen [ 17] for which the head
was erect in 1.0g, 1.25g, 1.5g, and 1.75g is also shown
in Figure 7.5, Cohen's data supports the progressive in-
crease in"the erxor in perceived pitch orientation as the
magnitude of SF increases but does not show as large an il-
lusion of pitch as does the data, from Schéne.

For the experimental evidéncgéreyieWed to this point we
can infer the folléwing correlation between stimulus type
and the resulting perception of-the\we:tical:

Category A ~» underestimation of‘tilt angle with

respect to -i,  (Aubert phenomenon)
Category N + perceived Ve;tical_coincides with SF (7.8)
Category E - overestimation'of tilt angle with

respect to ~i_ (Miller-like phenomenon)

Z
Data from Miller and Graybi@l [ 52 ] along with the

experimental data described above Qill be compared in

Section 7.3 to the predictions of a model (based on the above

correlation) developed in Section 7.2.
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7.2. Model Based on Altered Saccﬁlar Information

‘The simples£ mathematical model for the steédy staté
perceptioq of orientation with respect tq a sgecific force
field based upon information from the otoliths Qouid be
'a ﬁodel cénsiéting of three or;hogonal accelerometers whose
outputs correctlyﬁreflécted the componenfs of the true specif-
ic force vector.i Using this model, the predicted perception
of the direction "down" would always coincide with the
direction of the steady state specific force vector. The
~experimental results presénted in the previous séction
demonstrate that, while sugh é model would adequétély pre-
dict responses in lg for cases‘in which the head is tilted
less than 20 degrees from.the e#act.position, ﬁhis simple
model is inadeqguate for stimuli.nof ﬁeeting thesé.driteria.

.Before developing a model which acdounts for perceptions
of "down" which deviate from the steady staté,direction_of |
- SF it is important to illustrate how the responses of affercent
' nerves associated with different morphological polarizations
can be combined simply to give an estimate of SF. The
morphological polarization maps_for the.utriculus and
sacculus of the squirrel monke; wé;e illustrated in Figure 2.6.
Fernandez, Goldberg, and Abend [ 24 ] demonstrated that the
response 0f a given otolith neuron was a linear function of
the component of SF in only one direction; The direction of‘

sensitivity is designated the functicnal polarization vector F.
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Fernandez et al. found that the distributiqn of the vectors
F for the neurons they studied agreed closely with the

morphological maps shown in Figure 2.6. If the functional

polarization vector of the iEE cell were given by

F. = X;i, 4 Yiéy + Zii | (7.2)
Wh.er@ Xi2 - Y*z - Ziz = 1

and i, iy and iz

steady state response of this cell to a specific force

are defined as in section 7.1, then the

stimulus SF would be given by

FRi = Sl(gz'gl) + SFRi I(?ulO}

where FRi is the afferent firing rate of the iEE cell

(ips}
S, is the sensitivity of the iEﬂ cell (ips/qg)

and SFRi is the tonlc firing rate of the 1E8 ce11 (ips).

The firing rates from a group of such cells {i=1l, N} can be
combined to yield a signal which is directly related to the
component of specific force along each of the three axes

i, iy, and i . For example, an estimate of tnelcomponent

of specific force along i, would be given by

N
L {(FR,~SFR,)(F,«i )/S.} '
. i = i
Sy = 1=l * t e (7.11)
=
N . 2
}: (EiP}_z)

i=1
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A simple model for the perception of "down" can then be

formuléted as follows:

l el Fa) P
A SF .1 +§E?i +SE, 3
DOWN = . xrx "'y Z—Z
— ~2 o2 2. 1/2
(BE,+8F +8F ) | ' (7.12)

where Qéig is a unit vector Rn the perceived direction
of "down"
&8, is calculated from 7.11

and é?x andigby are calculgted from 7.11 with "z"
replaced by "x" and "y" respectiyely.

Since this simple model implies that

E[ DOWN - §g/l§§_| ] = 0.0 \ {7.13)

where L[] denotes the expectation operator.
nonc of the deviations noted in %edtion 7.1 will be pre-
dicted. The question of how to modify_7.12 so that the
various phenomenon asso&iated Qith'the'perceptiénof”tilt_can
be predicted Can.nbwrbe,answereé. :

To motivate the model which will fOlloﬁ it should be

noted that the ciassificatibn df Stimuli developed in
scction 7.1 does ﬁotldGPEnd_pn €he Eomponents,of SF along the

i, or iy axes. In other‘words,'a-change in aither SFx or SF
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will not alter the category of the stimuli and consequently
will not change the type of response {(Aubert, Miller or no
deviation) predicfeda It thus seems reasonable to assume that
the parameter which controls the deviations which we endeavor
to predict is SF, and not SF, or SFy. Using this assumption
we conclude that'é?x and §§Y'shouid be calculgted in
accordance with equation 7.11 and they should then be used in

P .
equation 7.12 without alteratign. SF on the other hand, must

2’
be altered to predict the illusory perceptions found experimen-
tally. While itlis relatively easy to motivate the altera-
tions of g%z qualitatively, fhe agréement of the modél‘s
predictions with the experimental data will serve as the

maﬁor justification for the specific alterationg proposed in
the model. .

Figure 7.4 illustrates stimuli from the three stimulus
categories. Since fér category N stimuli we want the model to
predict that the direction of BF wiil be correctlj perceived,
we should use the value for 5%; ca;cuiated-from 7.11. If
the value sub;titued for £%z in equation 7.r2715 designated
§fz then our first rule is that

1. 1f §r, = -cos(8) (category N) o aa

Vo i

P
then set SF‘z = SFz

For a category A stimulus wg should predict a perceived
direction of "down" between‘gg and -i,. This will be

accomplished if é%z is decreased. Therefore
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Categories A, N and E " E
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A
2. If SF, > ~cos (9) (category A) (7.15)

Then SF_ < §F
en =z z

For a category E gtimulus we must predict a verceived
direction of "down” which deviates from ”iz by more than
SF. This will be achieved if g%z is increased (made less
negative). Therefore

A |
3. 1f §F, < -c0s(8) (cagggory E) < (7.16)

h t §F
; >
Then set § z SFZ

Figure 7.5 presents the exact alteration of §¥z which
is necessary to fit the experimental data. Figure 7.6 shows
the resultant model for perceived orientation. The only
difference hetween thig medel and the simple model is the
nonlinear alteration of é%z“ In this model the accelerometers
are presumed to have unity gain; Since most of the otolith
neurons with functional pelarizatiqn vectoxrs which lie close
to the xy plane are utricular in origiﬁ and since most of
those which have significant components along i, originate
from the sacculus the accelerometers in Figuré 7.6 along
i, and iy are labeléd "utricle"” and the accelerometer with
sensitivity along i, is labeled "sacculé;" The coordinate

transformation is inserted to take cognizance of the fact that

our perccption of "down" is usually related to the head's
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principle axes and not to l iy' £z' The coqrdinéte trans-

formation and normalization is given by:

i 1 r , Ca
A~ _ - TR E

DOWNy i1y cos (6) [3) - 8in(0) gﬁx
PN | o o~

DOWNYHD 0] l | 0] SFy

DOWN ' in(9) ) o8 (8)] | 6F
Bin A cos

ZHDJ - . - ZJ (7.17)

[, 1/2
o~ ~e2 | a2
SF.z + 5 y‘+ SFz :

where iyns = i (head erect pltch axis; pltch forward
: positive)

yaw axis when head erect (yaw left p051t1ve)

iZH,D 7
1oun = 1 ® i (head eract roll axis roll
~XHD © =YHD ~ZHD '
_ right positive)
and 0 = £ilt angle of the average utricularyplané_with
respecﬁ to sagiéal plang (25° will be used in

" section 7.3),
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7.3. Model Predictions in Various Constant Specific Force
Environments. o

If the four conditions discussed im section 7.1 are pre-
sumed to be met then a given experimental trilal can be fully
specified by the specific force vector, SF. '§§.will be re-
ferred to the standard head fixed coordinate system (see
Figure 7.7}, The orientation of EF can most @agiiy be pic-
tured if the angle between the median plane and a vertical
plane containing SF ig given {ﬁSF) and the angle~b®tween
SF and ”i-zm
determined the only parameter which must be knqwﬁ ig the

is given (U o). Once the oxientation of SF is

magnitude of SF which will be designated by,QSF°

The problem of how to int@ipret the predictéd parception
of “doﬁn” is somewhat more difficult. The implicit assumnp-
tion made by most experimenters has bean tﬁat the perceived
direction of "down®” will alwave be in a plang wﬁich includes
both izyy and §F. In fact from the evi&@hc@~qivan in the iast
two sections it seems more likely that the vector Qﬁﬁy lies
in a plane which includes iz and SF. Typicéllyg in a lateral
tilt experiment (e.g., 90° tilt rxight in lg) é gubject
would be asked to adjust the orientation of a luminous line
in the frontal plane until it appeared verticai but no test
would be given to see whether in this orientation he might
not feel thathe is oriented slightly face down or face up.
Experimental data from Nelson [ 56 Jdemonstrated that when a

subject attempts to positicn himself to a §0” roll right

i
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oriecntation underwater he actually en&é up pbsitboninq himself
slightly fﬂ6°) face up. Sines this d@%i&ti@anaﬂ found ¢o
boe statistically sBilgnificant wo can assune that 1ln an experi-
ment in which the subject is just rolled 90° he must sense
that his orientation is zlightly face down. This deviation is
consistent with the modal shown in Figure 7.6. The problem
which naturally arises is that if Qéﬁﬁ iz specified in the
same way as SF (by giving values for g and “Dj then it
cannot be readily compared to the exp@riméntal data. Figure
7.8 shows how this éOmparieon‘ig gimplified. Fox an experi-

ment in which the subject is asked to indicate his perception
of the vertical by adjusting the orientation of a line in his

frontal plane, the data is compared to the angle R, (sece
Figure 7.8) which is the angle he must roll in order to put his
perception of "down" into his median plane. For an experiment
in which the subject is asked to indicate his perceived pitch
angle, the data is compared to the angle ?D,'which is the
angle he must pitch backward t¢o pring his perbeption of "down"
into the iYhD£ZHD plane. In any experiment in which SF |
is in the median.plane'this distinction is uhﬁecessary since
Ry will egual zero.

Figure 7.9 summarizes the model's piediction for the

perception of lateral tilt ("SF = 90°) in a lg and a 2g

environment. The value of Ry is plottea as'a:fumction of
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Wep for Ggp = 1 and G, = 2. The data from Schéne [ 63 ]
which waslgiven in Figure 7.2 1is repeated along with data
from Miller and Graybiel [ 52 ]. "The small arrows indicate
how these precdictions would change if the alteration of gﬁz
shown in Fiqgure 7.5 for type E stimuli is increased,

Figure 7.10 summarizes the model's prediction
for the .perception of pitch wSF = 0®) in lg and
2g cnvironments. The value of Py #s plotted as a function of

U for GSF = 1 and 2. Most of the experimental data avail-

sF
able for the perception of pitch orientation was gathered

for relatively small pitch angles (HSF < 40°).‘ Figure 7.11

shows the model's predictions of P_ as @ functioh of M

b
in the region from 0 to 40 degrees for GSF = 0g, .5qg,

SF

1.0g, 1.3g, 1.6g and 1.%g. These curves should be compared
rto the data for Schone and Cohen (Figure 7.3). The predicted
deviations of the perception from the true pitch angle varics
as a function of “SF and GSF in exéctly the same way as does
Schone's data except thaf the predicted deviations are only

about 60% as great for the cases in which G > 1g. On the

8T
other hand, the model accounts for 90% of the pitch percep-
tion exhibited by Cohen's data. These discrepancies can be

. . \ o~ . , ‘ o
remedied if tho alteration of SFZ is increased for SF, <-cos ( 8)

(category F stimulus) as shown in Figure 7.12. A slope of -0.4

is needed to fit Schdne's data while a slope of -0.1 is

sufficicent to f£it Cohen's data. The small arrows perpendicular
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to the curves in Figures 7.10 and 7.11 illustrate the direc-
tion in which the predictions move as this alteration of §?z

is increased. Finally, the model predictions were generated
using a value of 25 degrees for 9 (the angle between the
average plane of the utricles and the EXHD axis ) while the
data from Schtne would be best fit if an angle of approximately
29 degrces were used. Since 29 degrees is within the 25—30.
degrce range normally associated with the orientation of the
utricles this does not constitute a digcrapancy.

All catecgory N stimuli can be summed up by stating that
the model correctly predicts that the perception of the verti-
cal will be aligned with the specific force vector with essen-
tially no error. The experimehtal justification for this was

discussed at length in Section 7.2 [11,12,30,45,46,47,57].

While it might be noted that all model predictions and
all experimental results which have been glven are for cases
in which the specific force vector was in the median plane
(pure pitch) or in the frontal plane (pure lateral tilt) the
modal is capabie of generating predictions for an arbitrary

constant spccific force vector.
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7.4. Summary

The illﬁsions associated with the percéption of static
tilt in various specific force environments have been re-
viewed and then classified in such a way that a simple per-
ceptual model could be developed to account for the
available experimental daﬁa. The fundamental conclusion to
be drawn from this model is that these illusions can be
accounted for by a simple nonlinear transformation of the
information (mainly from the saccule) related to the component
of specific force pérpéndicular to the average plane of the

utricles.
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CHAPTER VIILII

INTEGRATTON OF SEMICIRCULAR CAﬁRL AND OTOLITH INFORMATION FOR

MULTISENSORY STIMULTI

In this chapter we consider the clasg of stimuli speci-
fically cxcluded in Chapter Three, namely those stimuli which
simultaneously excite the semiclzcular canals and the otoliths.
In generalizing the stimulus class to include any combination
of rotational acceleration and ¢ranslational acceleration in
three axes, a number of significant new problems arise. These
problems and the philosophical approach taken to deal with
them arc discussed in section 8.1. A mathematical model of
the perception of dynamic orientation which results from the
combined effect of arbitrary angular and trxanslational accel-
crations is developed in section 8.2. The model's qdaliﬁative
pradictions for several stimuli are also discussed. Quanti-
tative predictions from a computer simulation of the model
arc prestnted for scveral stimuli in section: 8.3 along with
the model's ffequenby response f0r sma11-pitéh and roll angle

oscillationsg.
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8.1 Discussion of Modelling Problems and Philosophy

Before discussing any of the problems associated with
the integration of sensory information from the SEﬁicircular
canals and otoliths it is important to'clarify what the im-
portant perceptual outputs of the model should be. Certainly
we would be interested in estimating the following quantities:

l. Orientation of the head with respect to the
gravitational vertical

2. Rate of rotaticn of the head about ité:threé
principle axes

3. The translationai acceleration of the:héad with
respect to its three principle axes

and 4. Additional guantities which ate derived from

the preceeding (e.g. azimuth, translational
velocities and translational positions).

The mogt important of thesge is the determination of
orientation with respect to the vertical. Stfictly speaking,
there 1s no way of using iplormation which is derivgd only
from the otoliths to'determineTfhe direction of the gravita-
tional vertical if ﬁhere is no a priori infofﬁétion regarding
the axpected variations in'orientation or translatiohal
acceleration. The principle of equivalénce in general rela-
tivity precludes such’ a separation bésed'pufeiylon measurements
taken from linear accelerometers. In the léngu#ge of modern

control systcms theory any system comprised only of linear
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accolerometers is unobservable. How then are we capable of
distinguishing a change in orientation with respect to the
gravitational vertical from a change in acceleration? The
answer to this question has two parts. First, we are not
restricted to the use of linear accelerbmeters {otoliths)
since we also have angular velocity transducers (the semi-
circular canals) which indicate with reasonable accuracy
the rate of change of the head’'s orientation for rotational
rates in the frequency range from 0.1 rad/sec to 10 rad/sec.
Roughly speaking, for changes in the direction of specific
force which occur in this frequency range (as determined
‘from otolith information) the distinction between a change
in oreintatibn with respect to the gravitational vertical
and a translational acceleration {or some combination of the
two)} can be méde by noting the output of the semlcircular
canals. As the frequency of the variatiohg in the direction
of the specific force vector decreases below .1 rad/sec,
information from the canals becomes less and less useful.
In fact as the frequency of these varlations approaches zoro
the system is incapable of determining the gravitational
vertical, The second part of our answer therefore is that
for lower froguency variations the system cannot concern
itself with the true gravitational vertical but must be
content to estimate an "effective graviational vértical“ which

can scrve as the practical reference for man's normal
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activitics. The phencmencn of associating the gravitational

vertical with the perceived direction of specific force for
very loQ‘fréquenqy (essentially static)rstimuli was discdssed
in depth in Chapter geven. |

Once the direction 6f the gravitational vertical is
estimated, the other percéptual qﬁantities can be dérived.
Tﬁc sensation of rotation about an axis parallel to the per-
ceived gravitational verticalltgn } will reflect exclusively
the properties of the semicircular canals described in Chapter
Th:.['(.l(.‘ . |

The perception of rotation about‘an axis perpendicular
to the per;éived'verticai (gl) should reflgct the information
available ffom the canals and the ptoiiths; Singe the otoliths
are capable ‘of sensing a cohstqpt change'in orientation with
respect to the gravitational verfiqal,éhelperceptidn'of con-
stant rotation about a horizontal axis;should persist ihdéfin~
itely. DBenson and-Bodin (Ref. 4 ) énd Guedry (Ref.‘34 ) confirm
that thé perception of rotation does indeéd’persist for prolonged
rotations about a horizontal cephalocaudél giis;<

The estimate‘of translational accelerétion is essentially

determined once the direction of gravity is estimated since

‘A =G - SF | - (8.1)
where A = translational acceleration (g's)

G = graviuﬂﬁonal vector (normally 1.@)
and SF = net specific force vector (g's)
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The only change needed in equation 8.1 is the replacement of
cach term by its estimate {e.g. A by &g etc.}. To maintain
the notatibn used in Chapter Seven the estimate of ﬁ will be
denoted by Qékg since this is more descriptive of its per-
cepltual meaning.. The remaining perceptual quanitities (azi-
muth, translational velocity and translational position) are

obtained by integration as follows:

V(E) = ¥(tg) + tglg” (n)fdn (8.2)

~ ~ ta -

vit)y = Vityl + ./ Anldn B {8.3)
0

~ . ot |

x(t) = X(tg) + S V(n)an (8.4)
0

where ¥ is the angle between the projection of the head's roll

axis (3XHD

fixed direction in that plane (e.g. a vector pointing

) in the earth's horizontal plane and some

toward true north).

“ is the perception of rotation about an axis parallel

PN
to DOWN
N
V  is the perception of linear velocity
~
and X is the perception of spatial position.

In all, the ﬂodel should be capable of predicting 15
quantitics (3 associated with ég 3 associated with é; 3 asso~
ciated with ﬁ, 3 associated with %, 2 associated with the
dircction of gﬁﬁﬁ, and 1 associated with @}. Of these 15,
the 2 associated with the direction of Qéﬁg'are by far the

most. difficult to mbdel‘quantit&tively and for this reason
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Lhe wenlel developed in this chaptexr is called the “down”
cstimator. Equations 8.1, 8.2, 8.3 and 8.4 determine the

A~

quantitics a, Y i, and % ag a function of Qéﬁg and éﬂ
and thercfore the only estimators which are left to be

modelled are those which generate Qéﬁﬁ and é (since QH is

the component of @_parallel to gé&g).

Before considering these estimators (for Qgﬂﬂ and W)} in
detail, several problemS_require consideration. The first of
thense is the problem of reconciling what may seem to be con-
tradictory information from the cahals and otoliths. Three
cxamples can be cited for which there e#ists corresponding
data. The first of these involvés an abrupt change in the dir-
cotion of the specific force ﬁector relative to the head (";ot—
ation information" from the otoliths) without any correspond-
ing indication ofl rotation from the canals (e.g. aircraf't
catapult launch Ref. 18 , or a chénqe in the direction of
spoecific force due to rotation on a centrifuge Ref. 28 ).

A second example of such a conflict would arisce in the case
of & constant rotation about a horizontal axis wilich would
lcad to a continuously rotating 5pécific_force vector‘but

a woero wsteady state ocutput from the canals (e.g. a barbecue-

[ 8]

gpit. experiment Ref, 4, , 34 }. Finally, situations may
arise in which the canals indicate an abrupt rotation about
a liorizontal axis but the otoliths indicate . no change in the

dircction of specific force (e.g. a coordinated aircraft turn
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or iLhe abrupt cessation of rotation in a barbecue-spit experi-
ment Ref 4 , 5 , 34 }. Since ohe or more examples from
each of these categories will be treated in detail in the
remaining scctions of this chapter it is unnecessaxy at this
poiunt to give a full accounting of the perceptual responses
excoplt to say that the perception of the vertical for these
stimuli is most stronyly associated withs:
1. The low freguency portion of the "rotation infor-
mation from the'otoliths
plus 2. that part of the canal information which is
consistent with the high frequency portion of the
"rotation information® from the otoliths.

Since the rate of movement of the perceived vertical may
not be consistent with the estimate of rotation based only
upon canal information the guestion arises whethexr the per-
ceplbion of rotation reflects the movement of géﬁg or canal
infornalion or a combination of the two. If the time historieg
of Qéi@ atnd ﬁl {(the component of Q perpendicular to Qé%ﬁ} wero
to be consistsnt then in the situation in which the direction
of Qéﬁg is constant it must follow that‘QL = 0. The experi-
mental cevidence  (Ref. 4 , 5 , 34 ) does not consistently
suppoert this conclusion and thus Qé&g and Qi may not be in
agreement.  Although such a contradictory sensation (of rot-
ating but not changing one's position) seems difficult to
imagine, it is also found in cases'in which otolithic and

visual information conflict (Ref. 21 ) and during calorie
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" testing. 'The fact that these sensations are contradictory
also complicates interpretation of some of the experimental
data. For example, if an experimenter asked a Subjéct if he
felt himself rotating the subject could answer either "yes"'
or "no" (in fact an answer of yes and no would be.more
apprgpriate!l.

| A second problem arises in the casé of stimuli which are
predictable, usually because the subject ig thoroughly familiar
with the stimulus from past experience and is able to recog-
nize the underlying stimulus pattern. The phenoména associ-
ated with such a situation are significantly different then
those which we are attempting to_mpdel here since they in-
volve the complex problems of pattern recognition. Purthermore,
it is very likely that the processes involved iﬂ-recégnitipn
are strongly dependent on the simplicity of the stimulus, the
subject's past cxposure and many‘other factors which would
make an accurate prcdictiOn.of the ﬁerception ofldynamic orien-
tation oxtremely difficult. PFor these reasons the stimulus
class for which We are attempting to model the perceptual
responses will be assumcd to be unpredictable.

Finally, the information upon which the "down"” estimator
bages Lts cstimaﬁc must be considered. Althoﬁgh the informa-
tion from two sets of semicircular canals and otoliths is_
availablc to the brain it is unnecessary to waste computation
time performing a dual set of sensory simulations. . Por this

reasons the model simulates cyclopian sensors located near the
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centexr of the skull. One case in which this simplification
could make a differcnce is one in which a véry rapid rotation
of the head is made about either the yaw or roll axis, in
which case the otoliths on either side of the head would nor-
mally be ezposed to slightly different specific force vectors.
Since no perceptual effect has been ascribed to this difference
nothing is lost by eliminating it. Figure 8.1 illustrates
the orientation of the three canals which are aligned with and

sensitive to rotations about the three axes i i and i

=%C? =¥cC =zC’
These axes are equivalent td the axes ;xy iy anad Ez illustrated
in Figure 7.1 except they are rotated +45° about i_ = i,.. The

canal labeled LH has an afferent response equivalént to that
of the left horizontal canal and opposite to that of the right
horizontal canal. The canal labeled RS has a response egui-
valent to that of the right superior canal and opposite to
that of the left posterior canal. Finally the canal labeled
L5 has a respouse equivalent to that of the left superior canal
and opposite to that of the right posterior canal. Each canal
and the optimal estimator for the rotational rate about its
associated axis is modelled by the dynamic model and Kalman
filter developed in section 3.1. The otolith models for the
utricle and saccule along with their associated processors
which were developed in section 3.2 are used to generate the

estimate of specific force. One utricular sensor is aligned

with its major awxis of sensitivity along iyo= i, and one along
i,, = iy (sec Figure 7.1}. The saccular sensor is aligned with
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Sensitivity Same as

RS Right Superior Canal
LS8 Left Superior Canal
LH Left Horizontal Canal

i

%C cut oi Page

Figure 8.1 Orientation and Sensitive Axes of
Cyclopian Semicircular Canal System
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i = 1, = L (see Figures 7.1 and 8.1).

=70 = 4 ~ZC
Figure 8.2 summarizes the information available to the
"down" estimator. The alteration of saccular infbrmation shown
in Figure 8.2 is identical to that developed in Chapter Seven
and its presence insures that the steady state performance of
the "down" estimator for static tilts will be consistent with
the predictions made in that chapter. The estimates of rota-
tion based upon canal information and specific force based
upon otolith information are transformed from sensof to head
coordinates before being used by the "down" estimator since

the principle head axes are the most natural coordinates to

which to refer our concious perceptions of dynamic orientation.
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8.2 DOWN Lstimator

After numerous algorithms were developed in an attempt
to successfully produce an estimator with the desired guali-
fications, one was found which fulfills all of the reguire-
ments discussed in section 8.1 and which yields very reason-
able quantitative results (see section 8.3). The discrete
"down" estimator is illustrated in figures 8.3 and 8.4. The
information available to the "down" estimator at the begin-
ning of each update is the old egstimate of down, Qéﬁg(t—ﬁt)
and the new estimates based upon canal information (éﬁD(t))

and upon otolith information (8F,.(t)). Figuré 8.3 illus-

1D
trates the calculation of the updated perception of down,
Qé@ﬁ(t) and Figure 8.4 illustrates -the updated perception of
rotation, é(t)o Each element of the model is labeled with
a letter from A to L for easy reference and will be discus-
sed in alphabetical orderx.

The first element, labeled A and marked with an X,
represents the following computational procedure: Produce
a vector wop whigh is in the direction éEHD(t-s)xggHD(t+e).
and which has magnitude equal tp the angular rate of change
of the direction of éEHD at time t. In the computer simu-

lations carried out in section 8.3, w was calculated each

HD
second (t = 1,2,3,4,...) and SF,, was calculated on the
L e-Ll35 Y-S A
half secgnd (t = Evzrzﬂ.oe) S0 € = 3= = .5 seconds. Wap
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represents the information available from the otoliths con-
cerning the raté of rotation of the head if it were assumed
that SF was fixed iﬁ space.

| The low pass filter, labeled B, performs the function
of separating out the low frequency component of géF which
is assumed to arise from the change in the body's corientation

with respect to the gravitatidnal vertical. The output sig-
L

nal wen is intended to £fill in the low freguency information
. : | R
missing from the canal signal w,, for rotations about a

horizontal axis. '23 is the high frequency componént of

SF
ggFand typically arises from both transient linear acceler-
ations and ébrupt changes in the head's orientation with
respect to the gfavitatiohal vertical. The best time con-
stant for the low pass filter was found to be approximately
35 seconds.

The transformation labeled C produces a rotation vector

L .
| Roypg from we. as follows:

which is perpendicular to
and DOWM (t-At) |

' L
R _ Component of %ﬁF

the planenof §EHD

(8.5)

it may seem odd at first that this transformation allows
rotationg which would by themselves move géﬂ§_aﬁay from :E.
The reason for this is that such rotations are necéssary to
cancel the canal signals which arise when prolonged rotations

are suddenly stopped. It is this mechanism which helps to

predict the stabilization of the perceptionlof orientation
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when prolonged rotations about a horizontal axis are abruptly
terminated as waé found experimentally by Benson and Bodin
(Ref. 4, 5 ) and Guedry (Ref. 34 ). In all the simulations
carried out no case has been encountered in which BSCC {(which
will be discussed next) did not cancel completely any ROTO
which would move géﬂﬂ away from égo If such a case occurred
it would appear reasonable to decrease the magnitude of R

=0TO
until the net effect of R,yn = R - R would be to mini-

=0TOQ —=5CC

mize the misalignment of DOWN and SF after rotation. The
combined effect of elements A, B and C in figure 8.3 is to
produce a“ rotation vector BOTQ from the current and past
estimates of SF which represents the low frequency rotational
rate information due to the ot&lithso

We now turn our attention to the information available
from the canals. The rotational information from the semi-
circular canals must be consistent with the high frequency
sensations arising from the otoliths (represented by ggF)
if it is to be used to update the sensation of 6rientation
with respect to the vertical, The portion of éHD(t) which is
consistent with %:F is denoted by gg and is calculated by
the following procedure:

~

1) Calculate the component of —EHD(t) which is paral-
H

lel to Weme Call this component C.
2) 1f € is in a direction opposite to %gF then set
C _
wg = 0

3} If € is in the same direction as QEF then set



C | H

we = “wgp if l€] > luggl

C H

2C = ~c if |e| < |uf |

. " . : . H ,
The portion of QHD(t} which is inconsistent with Wep is
denoted by gé and is given by
| i c

We = Wy (t) WA (8.7)
The reason that ~gHD(t) (instead of guét)) was compared
with ﬁgF is that for a positive perception of rotation the

corresponding rotation of the g vector woulda be negative.
While experimental evidence clearly‘indiéates.that the
effect of gé on the perception of orientation is minimal it
is not clear that it has no effect in the very short term
(<1 sec). For this reason éé is passéd through a high pass
filter (E} of the form tTs/{1s+l) where 1< 1 seé. For the
catapult launch simulation described in section 8.3.3 1
could be no higher than .25 seconds to retain reasonable
fesults. A value of 1= 0 would not be inconsistent with

any available experimental evidence.

The rotation vector due to canal information is denoted
' o
£c
result of filtering gé and then eliminating the component

by R R is computed by taking the sum of

Reces Bsee and the

which is parallel to the last estimate of down (since this
component is ineffective in changing the direction of DOWN

relative to the head) .
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Rror is then computed by subtracting BECC from Roro *
BTOT represents the estimate of the rotational rate of the
outside world around an axis perpendicular to the last esti-
mated direction of down for the'purposes of updating that
estimate. The transformation labeled G updates Qé@g(t-&t)
using Riore The output of G is denoted by D'(t) and

satisfies:

1) DOWN(t~-At) x D'(t) is in the same direction as Rror

and - _
2) the angle between DOWN(t-At) and D'(t) is given by

[ Rpor At
) (808)

Therefore, if ,ETOTl = 30 degrees/sec, and At = 0.5 seconds
géﬂg will be rotated about Roor PY 15 degrees.

D' (t) would normally be considered the new estimate of
"down" except that.because it is generated through the in-
tegration of rate information it is bound to accumulate errors
which must be eliminated if permanent discrepancies are to
be avoided. This is accomplished through a slow reduction
of any discrepancy‘in direction between D' and ég (elements
H and I). The time constant, t1,, is guite large but was
found to be a weak function of the magnitude of the specific

force vector (as [SF| increases, 1, decreases and D' moves

toward SF more rapidly). 1, is given by
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. = 60 | R
|sE|17/4 S (8.9)

The net effect of H and I is that in the steady state
the subject adopts the estimaﬁed specific force vector,
based on otolith infermation, as the éorfe;t direcﬁion for
Qéﬂg. This insures that the steady étate fesponse of the
model will exhibit the perceptual errors modelled in chapter
Seven. | i |

The resulting estimate of Eéﬂﬁ(t) represents the model's
prediction for the subject's,#éfceptiqn of the direction of
the gravitational force vectory with respect to his head.
This estimaée is then used at time t + At to génerate a new
estimate.

The model for predicting the pefceived rate of bodily

-~

rotation is shown in Figure 8.4. @, (t) is found simply by

taking the component of ﬂHD(t) parallel to DOWN(t). gﬁ‘is
defined to be the bodily rate of rotation which would be
consistent with the rate of change of the direction of DOWN.

The transformation K is similar to that at A in figure 8.3

except for a minus sign. 91(;) is formed by:

1} calculating the difference between the component

of w,_._(t) which is perpendicular to DOWN and ws

—HD
2) passing this difference through a high pass filter

(L)
and tnen

3) adding the resulting output to wa .
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This arrangement accepts the relatively high frequency'changes
in rotation rate indicated by the semicircular canal system
while deferring to the rate of rotation consistent with Qéﬂé
for lower frequency changes. Data from Benson and Bodin
(Ref. 4, 5 ) indicates that a filter of the form B/ {(tS+1)
with 1 = 0-5 seconds should be sufficient (if T = 0 then

~

w (€} = wy and w,

sense of rotation, w(t), is glven by the sum of w

would be consistent with DOWN). The total

i {(t) and

~

w, (t).

This completes the compopent by component review of the
model. Before describing the guantitative results which wexe
produced by .computer simulstien, several examples of qualita-
tive predictions will be givan.

First consider a standarg rate aircraft turn which is
abruptly stopped by rolling out of the turn rapidly into level
flight. Just before the rollput the subject will perceive
himself to have zcro roll angle with respect to the earth
vertical and a slightly pitched back orientation due to the
slightly increased g force in the turn (elevator illusion).
In addition he will have no sense of rotation since the canal
response to the rotation of the aircraft has long since
decayed to zero and wy = 0. During the roll out the specific
force vector will remain aligned with the yaw axis of the

body and diminish in intensity to lg. SF will therefore

slightly diminish in intensity and will pitch about 1 or 2



213
degrees (to eliminate the slight pitched back sensation).
Since the direction of ég remains practically constant the
otolith pathway to R

—0TO
~ .
will also equal zero all of QHD will be considered

can be considered inactive. Since
wh ‘ l
—SF
inconsistent (both that part of @ generated by the rolling

out rotation and that due to the after sensation of stopping

the aircraft's turn rate). Consequently all of Wb, is

passed through the high pass filter and is quickly reduced

to zero. Therefore, for rough‘calculationa ‘= 0 and

| Boe = 0 @
except for the elimination of the elevator illusion DOWN

will remain essentially unchanged and the subject should

sense that e is erect.

Since DOWN is essentially'unchanged in figure 8.4

“p

is approximately zero. The component of which arose

%0
from the roll out motion of the aircraft is | to DOWN and

will therefore be assigned to g;. Since w, = 0, w. is set

equal to w' and is high pass filtered with a time constant

less than 5 seconds. gl(t) equals the output of this filter:
(since wy

tion is shorter lived (due to the high pass filter) than it

= 0) which merely implies that the rolling sensa-

would have been if the otolith information had not contra-

dicted it. The component of Qﬂb which arose from the air-
craft stopping its rate of turn will be in the opposite
direction to the original turn and will be essentially paral-

lel to thne directioﬁ of DOWN. Therefore this component of
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~

W o
scengations described apove ere congistent with the illusions

will become (t) and will not be diminished. The

known to be associated with ajireraft flight. Circumstances
which could interfere with these illusions are the following:

1) A passenger with extensive flying experience who

expected the turn or roll out might be capable of
interpreting the sensations correctly.

2) The pilot who initiated the roll out would certainly

have little inclination towards illusions,

ox 3) Any visual information would affect the predicted
perception since the ﬁqdel presumes that there are
no visual cues.

A second example is that of a2 step in lateral acceler-
ation of lg. Initially the subject correctly perceives him-
self to be in an erect position in lg. 8Since the subject is
never rotated during the experiment the c¢anals are not stimu-

~

lated and %HD

il

0. Referring to figure 8.4 we can conclude

that:
15
15+1

i

Wty =g (0) = [1 - Jug (t) (8.10)

The only active pathway in figure 8.3 is that for the
information from the oﬁoliths? SF will move very rapidly
toward SI and then stop which will induce a rapid rise in

wep followed guickly by a rapid decay to zero. EEF will

risc¢ quickly during the period in which eéF is large and

will then slowly decay to zero. Since wl

Wop 1S perpendicular
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to both DOWN(t-At) and SF itwill pass through C and R,., =

%EF' Finally DOWN will move toward SF at a rate proportional
to .the magnitude of EPFf(actually a little faster since the

S
lower pathway in figure 8.3 will help somewhat in moving

‘géﬂg toward gF). Figure 8.5 shows a rough sketch of the
approximate time course of these signals., WNote that since
this stimulus is of type N (see Chapter seven) the steady
state perception of down shoﬁld align itself with the true
specific force with no error. |

The last case to Le considered before ?resenting gquanti-
tative results is the phenomenon associated with the expe;i¥
ments of Benson and Bodin (Ref. 4, 5 ) and Guedry (Ref. 34 ).

For a steady state rotation of w about a horizontal axis:

”~

Yyp * &
Bsce * 2
Wl + Wi, 2w
Ysp sp = 2 (8.11)
_ L
Boro = “si
and DOWN ~+ SF =SF

Each of these can easily be understood by reference to
Figure 8.3 exceptapossibly the last relation. It is ;lear
that gﬁyg will approach SF if it is'understdod that the rate
of rotation of QéﬂngD) will eventually match that of SF

since BOTO approaches the true rotation rate and any constant

discrepancies (phase lags) will be eliminated'by'the lower
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pathway. Consequently the Subject's 3teady state sensation
of rotation during the period of rotation should correctly
reflect the true rate of rotation (é_z w).

Immediately after the rotation stops we can predict that

rigure 8.3):

~

. ~will quickly -+ -w and then decays to zero

{(this is the typical velocity step response of

the canals)

@ g wil; quickly -+ G
w gF will quickly -+ +w and then decays to zero
wC will quiékiy + =y and then decays to zero
= . ' - (8.12)
5%0c will quickly - ~ - and then decays to zero
EOTO wil} remain at ~w and then 420&?5 to zero
Rror = Boro ~ Bgee Will quickly > 0
and furthermore (figure 8.4):
wy Will quickly -+ 0
, - ~ . ~ ~ . -
weoE W (since w,, L DOWN)and @, 0
and | (8.13)
~ _ -~ _ ‘G p
wlt) = w, () = Zr7 9,

Therefore the model predicts- that while a;subject
should perceive that his_positioﬁ with respect tb the verti-
cal is not changing after the rotation ceases @e may have
(depending on the value of 1 chosen) a brief sensation of

rotation opposite to the original rotation. Benson and
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Boden (Ref. 4, 5 ) had some subjects who reported a brief
sensation of rotation and some who didn't. Whether this

discrepancy in reporting is due to the conflict between DOWN
and w or due to different subjects having different values

of 1T is unclear. That subjects perceive themselves to have

a constant orientation relative to the vertical (Qégﬁ constant)
is not in guestion. Benson and Bodin report "...that they

(the subjects) were quite aware that the stretcher had

stopped and of its position relative to the gravitational
vertical..." Similar stimuli and reports of subjective

responses are described in Ref. 34 .

@
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8.3 Quantitative Model Predictions

The model developed in this chapter has been computer-
ized so that quantitative prediCtions can be made for arbi-
trary stimulus combinatidns. The programs were written in
Fortran IV and they include all} functions'shown in figures
552, 8.3 and B8.4. 'Although the model could be implemented
with any update interval, At = 1 sec, was chosen as a reason-
able compromise between compuﬁational efficiency and simula;
tion bandwidth. 10ne update interval takes approximately .08
seconds of centralrprocessor time when utilizing an IBM 370~

165 computers-

8.3.1 Dynamic Elevator Illusion

In Chapter Seven the elevator illusion was discussed
and .a model which carrectly prédicts its ocmnxénce and magni-
tude was developed. ‘The transition from head erect in lg
to the perception of backward tilt with the head erect in
1.75 g was used as a test of the,dynamic ﬁodel_deﬁelbped ip
this chapter. The stimulus input to the model coﬁsists of
a step in upward acceleration of .759 after the model was
stabiiized with head ere¢t‘in'lg. No rotation stimulus was
used. Figure 8.6 shows the time course of the predicted
pitch sensation which resulted. Supefimposed on the model's

prediction is the data from Cohen (Ref. 17 ) in which subjects
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Figure 8.6 Dynamic Elevator Illusion (1.75G)
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were given essentially the same stimulus except that the
acceleration was éroducéa by a centrifuge. Cohen's subjects
perceived a maximum change in pitch o:ientation‘of approxi-
mately -19°, The discrepancy in thé magnitude df the steady

state illusion is discussed in Chapter Seven.

B.3.2 Rotation to Lateral Tilt of 5 Degrees

Experiments were cohducted in the Man Vehicle Laboratory
by Tang {unpublished) in which-subjécts who were originally
erect were tilted 50 laterally over a period of 5 seconds
and then held at 5° for sevefal minutes. During the entire
.period of the stimulus the subjects were instructed to'adjust
a line to their perceived vertical while being deprived of
visual cues. The orientation of the subjects' head was con-
trblled by using a bite board. The time course of the lateral
tilt was recorded and used as the.stimulus input for the model
shown iﬁ Figures 8.2 and 8.3, Figure 8.7 shows the stimulus
and the resulting prediction of the perceptibﬂ of lateral
tilt. The records of subject responses were ﬁsed to find the
average peak perception of tilt and the time of its occur rence.
In addition the average perception of tilt after'one'minute
was calculated. These experimental data points‘a;e shown in

the figure.

8.3.3 Catapult Launch
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Figure 8.7 Perception of Lateral Tilt
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Cohen et., al. (Ref. 18 ) ﬁsed a centrifuge to simulate

the accelerations encountered in a typical'aircfaft catapult
launching. The average acceleration profile used. by Cochen

is shown in Figure 8.8 aiong with an actual catapult‘launch
acceleration pfofile. Figure 8.9 illustrates the manner in
which the acceleration was generated on the centrifuge. The
following acceleration profile was used in the simulation of

the "down" estimator:

Ayp

i}

3.85IN(mt/3.2)g t <. 3.2 seconds
. L (8.14)
=0 g ' t > 3.2 seconds

The rotation profile used in the simulation is given by:

a2 _ .
“W2HD 3 o{l. - €OS(21/3.2))deg/sec t < 3.2 _

C o . ' (8.15)

= Q0 deg/sec . . .t > 3.2 :

Figure 8.10 illustrates the movement qf géﬂﬂrin reé?onse to
this stimulus. 1In éddition to the pitch'sensatidn for whicﬁ
Cohen et. al. tested, the model predicts a possible rolling
sensation. If this rolling senéation is truly absent then
the time constant in the high pass filter {(element E of

figure 8.3} shou;d bé reduced to zero. If the sensation of
rolling is even greater, then 7 should be increased above

.25 sec. Figﬁre 8.11 compares the pitch response of the model
to the data given by Cohen et. al. The above simulation was
rerun with w = 0 (representative of a real catépult launch)

ZHD
and the predicted perception of pitch was essentially the same.
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8.3.4 TFrequency Response for Small Pitch and Roll Oscillations

The model's use of otolith and canal information can
be best understood by comparing ﬁhe fréqueﬂcy résponse of the
miodel tq'that_of'the sensors. Since the model has nonlinear-
ities for large tilt angles and.foi conflicting sensory
information, it is important to confine the oscillations to 
small angles (<10°) and to insure that oniy simple tilting
or pitching stimuli are used. The response is'éssentially
the same in both pitch and roll so0 only the dﬁta from the
roll stimuli will be illustrated., Eight frequencies from
.05 to 2.1 rad/sec were tesfed.with stimulus amplitudes of
5—ld°. Lower frequencies were not tested since extremely

long and therefore costly simulations. would be necessary.

Higher frequenciesidOuld not be testéq'since'the ppdate
interval for the simulation was 1 second. Figure 8.12 shows
the phase response of the model for these frequencies. The
amplitude response of the model is within 5% of unity over
the range of frequenciés tested. It is cléar from'Figure
8.12 that for low frequency stimuli the model relies on oto-
lith information and for higher frequency stimuli the model
relics on information from the semicircular canals. The
crossover fregquency is approximately at .5 rad/sec. Nashner
(Ref. 55 ) found a crossover frequency of approximately

J1HZ = .628 rad/ééc from4ex§eriments involving poétural

control of pitch orientation. Since the phase and ampli-
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- tude responses are so close to that of a unity gain for
frequencies up to about 3 rad/sec the model predicts that

our perception for small random tilt oscillations about a

head erect position in lg should be essentially correct.
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8.4 Summary

In this chapter a model for the pexception of dynamic
orientation resulting from stimuli which involve both the
otoliths and the semicircular canals was developed. The model
was applied both gqualitatively and gquantitatively to several
such stimuli and its predictions evaluated. 1In all cases the
model predictions were in substantial agreement with the

known illusions or with the relevant experimental data.
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CHAPTER IX

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

Human perception of dynamic orientation based upon
vestibular information has been modelled for néar-threshold
and suprathreshold stimuli. Before the processing of
vestibular informé@ion could be modelled it was necessary to
model the information available from the peripheral sensors.
One conclusioﬁ which can be‘drawn from these models of
afferent response is that while it is poésible that little
or no central processing is taking place fqr simple canal
stimulation it is almost certgin.that significant dynamic
processing is occurring in the case of stimuli which only
involve otolith function. Furthermore, it has been demon-
stratedqthat.the-differences between the afferent responses
observed for the otoliths and the subjective responses
seen in psychophysical experiments can be reconciled and that
this:reconciliation is consistent with the aséumption of
optimal processing by the higher‘centers.

The conclusioné which can bé drawn from this research
about the processing of vestibular afferent information by the
brain are summarized in the following two secﬁions.. Finally,
the chapter concludes with_some-suggestions for research

which could extend the results presented in this thesis.

9.1. Summary cf Threshold Modelling

Before a reasonable model could be . constructed to predict
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the detection probabilities for arbitrary near threshold
stimuli, it was necessary to determine the basic mechanism
which gave rise to sensory thresholds. Two fundamentally
different mechanisms were considered. The first hypothesis,
called the "simple threshold model,” consisted of a dead

zone nonlinearity associated with the peripheral sensor which
blocked the response from any stimulus which was not suf-
ficiently large. The second hypothesis considered was that
sensory thresholds arose only because the stimulus generated
afferent response was masked by the wvariations in afferent
firing which are independent of the stimulus. These hypotheses
could be distinguished experimentally by determining the
threshold level (75% correct detection) associated with a
stimulus which is proportional to the sum of a subject's
velocity step and accéleration step thresholds. Such an
experiment was carried out and the results clearly demonstrated
that the second hypothesis, designated the "signal in noise
model," was to be preferred to the “simple threshold model."
Furthermore the data indicated that the phenomena of vestibular
threéholds could be accounted for by a model of central
processing of vestibular informatién consisting only of an
optimal processing of afferent firing rates in additive noise
with no necessity for peripheral dead zone nonlinear-
itics.

Once the signal in noise hypothesis was accepted as
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an adequate model for the mechanism underlying the threshold
phenomenon, it was necessary to develop a model Qf the
processor'which could predict the detection probabilities as

a function of time for arbitrary near threshold stimuli.

The model whichlresulted incorporates a first order

processor which attempts to eliminate the tonic discharge

and any associated low frequency, low amplitude variations

so that the remaining signal can be assumed to consist of

only the stimulus related signals and essentially uncorrelated
measurement noise. This signai can‘thén be processed
sequentially to produce either a "moving right” respohse, a
"moving leftf response Or no response at the end of each measure-
ment interval. Through the‘use 6flMpnte'Carlo simulations
"with different sample functions;of_the-noise process, a
histogram of responses as a function of time can be generated
forany given stimulus‘which should reveal both thqitoﬁal
probability of -correctly detecting that stimulus over a given
period of time and the general distribution of response
-iatencies. The threshold model for rotational stimuli
correctly predicts the threshold magnitﬁdes for.velocity
steps, acceleration steps and compination stimuli (velocity
step plus acceleratioq step} and correctiy indicates the generai

distribution of response latencies. Finally it is interesting

to note that the detector used to model rotational stimuli

when coupled with the afferent models for the otoliths was
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found to be adequate for predicting both the acceleration
step threshold for the utric¢les and the saccules and in
addition gave reasonable predictions for the detection laten-
cics at threshold. While it is possible that such a finding
is coincidental it seems more likely that it is indicative
of the fact that the higher centexrs detect motion by proces-

sing near threshold canal and otolith information in a similar

manneyr.

9.2. Summary of Suprathreshold Modelling

| The problem of modeling human perception of supra-
threshold stimuli was divided into three parts. Thel
first part consisted of modelling the afferent information
available from the sensors and coupling this with a model
of central processing sultable for noninteracting stimull.
The results of this effort were threefold:

1. Predictions could be made for the dynamic response
to simple noninteracting stimuli,

2. The best estimate of the head'srotational rate
based upon information from the semicifcular canals
and the best estimate of the directionand magnitude
of the specific force vector based upon otolith
information was available for further integration
for the case of interacting stimuli,

and
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3. A éonsistent mathematical framework had-been
developed for the central processor whichlinCOrn
porated a model of the a priori informatipn about
the stimulus, a model of the sensory dynamics and a
model of the variations in afferent firing, ahd which
indicated that at least in the use of otolith informa-
tion, the central processor made é sighificant
contribution to the total dynaﬁic response.

The second part of‘this investigationlcentered on the
perception of state qrientation {no qanal-informaticﬁ) with
respect to a constant specific force field. A thorough
review of the illusions of staticorientation in&icated that
they were consistent with a simple vector transformation which
coﬁld be associated with differencés‘in‘the‘processing of .
signals arising from stimuli in and stimuli perpendicular to
the "utricie plane." Based on these observations a model
was developed which incorporated this difference in processing
and which was canable of orédigting_ﬁhe direction and magni-
‘tude df the experimentally detérmined illusions of ofientation.
Finally it was observed that the alteration of saccular infbr—
mation required by the model was simiiar to the nonlinear
response to static tilts seen by Fernandez et al; fRef. 24)
in otolith afferents in the squirrel monkey. This similarity
suggests that the mechanism which gives:rise to tﬁese 1llusions

may have at least part of its origin in the peripheral sensor.
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Finally the problem of intagrating information £rom
the semicircular canals and the otolith for the general
class of interacting stimuli was considered. The major
difficulty encountered in modelling the pexrception of dynamic
orientation for motions which involve rotations about a hori-
zontal axis was the problem of deriving the transformation
of canal and 6toli£h information which produces a perception
of orientation with respect to the vertical. Oncesuch a
transformation 1is derived, predictions for the other per-
petual outputs (rotation rates, accelerations, etec.) follow in
a relatively straightforward manner. The model for the percep-
tion of the vertical relies primarily on the otolith sensors
for low frequency (<€ ~.5 rad/sec) changes in orientation
and relies primarily on canal information which is confirmed
by changes in the direction of the perceived specific force
sensed by the otoliths for more rapid changes ( > .5 rad/sec)
in orientation. This spectral division of responsibility
is guite reascnable in light of the frequency characteristics
of the sensors and the problems associated with any attempt
to differentiate between translational accelerations and a
change in orientaﬁion with respect to the vertical. The
response of the model to small variations in filt angle with
respect to the vertical in a 1 g environmen% indicate that
under these conditions the perception of tilt should be

essentially correct for frequencies from zero to about three
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radians per second. Accuracy in this region of operation
should be expected since this is the region in which most
head movements take place in dail? life.

The model's usefulness in predicting, without detailed
simulation, the qualitative nature of the response to be
expected from relatively simple intefacting stimuli was
demonstrated with several examples. Furthermore the accuracy
of the model’'s quantitative predictidns were shown for
several stimuli for which data was avaiiablef while suggestions
for further research to improve this model will be.givgn.in the
next section, the results of the simulations carried out indi-
cate that the modelrin its present form should be very useful
in predicting the perceptual response to a-wide variety of

stimuli which up until now could not be confidently predictéd.

9.3. Suggestions for Further Regearch

- The results preSented in‘this thesis could-be‘extendéd
by further research in the folldwing‘areés;
1. There is a great need for“fgrfhe: information about

the dynamic response of otolith afferents to time
varying changes in specific force. The modei_of oto~-
lith information developed in Chapter Three is
consistent with qualitative descriptions of otolith
fesponse but should be compared to more qualitative
data. Specifically, a systematic study of the response
pf first order afferents to étimuli of various

frequencies would be very useful.
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Investigation of possilble afferent vestibular
thresholds might be conducted by studying the
response of afferent fibers to stimuli which are
near the perceptual threshold. One difficulty
which would arise would be that the noise on a single
afferent fiber would be siénificantly greater than
the respoﬁse due to the stiﬁulus. The only way to
circumvent this problem would be to average the
responges of many stimulus trials.
The statistics of afferent noise éhoulé be investi-
gated much more thoroughly than has been done up to
this point. Not only should the autocorrelation of
the noise process on a single afferent be studied
but also its corrxelation with the noise processes
on other sensory afferents. Such an inveétigatiOn
should mdicate if the low frequency variation of the
toni¢ discharge which was‘postulated in this thesis
is present and would also suggest the degree to which
afferent channels can be considered independent.
Further psychophysical experiments should be carried
out to détermine the effect of a suprathreshold
stimulus to one sensor on the detection probabilities
associated with a near threshold stimulus to another
sensor. The rasults of such a study might have
gsignificant implications concérning the applica-
bility of subthreshold stimuli for the improvement of

simulator fidelity.
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The amount of gquantitative data available from
psychophysical experiments in which subjects are
exposed to interacting stimuli and for which they

are requested to indicaté their perception of the

vertical is quite limited. Any experiméntal‘program

which systematically investigatés these responses
would provide very useful inférmation for the medel-
ling of the perceptual reéponse to interacting stimuli.
Neurophysiologic studies of the interaction of
semicircular canal and'otolith information migﬁt

be very productive. Since the otoliths provide the
steady state response to continuoﬁs rotations about

a horizontal axis in the same way thatkthe visual
system‘does for rotatiénsabout a Veitiéél axis,

it would ke reasonablé to assume‘thét‘hiéher order
vestibular neurons exist (most likely in the medial
vestibular nucleus since this is the first nucleus
which receives significant projections from‘both the
semicircular canals and the otoliths) which depend
upon both semicircular canal afferents and otolith
afferents and which correétly reflgct the true rotation
about a horizontal axis {see Dischgans et al Ref. 22 amd
Henn, Young, Finléy Ref. 37.f0r evidencé of such an
interaction between semicircular canal and visual in-

formation for rotations about a vertical axis).
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_Finally an attempt should be made to incorporate

visual information into the model of human perception
of dynamic orientation. While there is not sufficient
information at this time to develop a definitive model
of visual-vestibular perception df dynamic orientation
there is a great need for a preliminary model which
includes visual information. Such a model would be
useful to suggest critical psychophysical and neurophysi-
clogical experiments and could be modified or if
necessary radically altered in light of new experi-
mental results. Even if the model underwent several
radical changes the explicit nature of such a mathe-
matical model helps to clarify both the issues in-
volved and the underlying assumptions which too

often are made but not explicitly recognized or under-

stood.
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Appendix A

' SUMMARY OF PARAMETERS FOR PERCEPTUAL MODELS

iI. SEMICIRCULAR CANAL MODEL

The response of semicircular canal afferents is modelled

by the following linear dynamical system (see section 3.1).

X, = écic + gcm - (A.1l)
x| . .
Yo = Colz] + ,SFRC + n, (A.2)
S 0o 1 0

where A, = 0 Y 1 ' (A.3)

-.37037 -17.7966 -200.0888

0 o : -
Ec = 0 : : . (A.4)
1

€, = [-23.5785, -1131.89, -6371.86, 63.6620] (A.S5)
SFR_ is the spoﬁtanédus.firing rate (90 ips) (A.é)

including low freguency variations

n_ is a white measuremant noise process which
is discussed in the.section 3.1
w is the effective stimulus to the canal in (rad/sec)
and Yo is the first order affereﬁt résponse pf‘the canal
(ips)
In the computer simulations used to test the model the
afferent response was updated every .l sec by the following

discrete model:

Ec(t + .1) = gc(t+'1't)5c(t)-+ Qcm(t+.l)_ (A.7)



ﬁc(t+,l)
y (t+.1) = C_ | =Sammn- + SPR_ 4 n (A.8)
¢ ~C w(t+.1) ¢ ©

where 9999812 08959244 .47296x1073
o= |-.17517x1077 9915322  .00496791 (a.9)

~.00183626 ~.0879745 -.440444x103

.2241507x10" % .

D, = .4730012x1073 ( (A.10)

.4954018x10" 2

C.. SFR and n_ are the same as previbuslyldefined and

w is the effective stimulus (rad/sec)

Since the Kalman filter was designed to process one
measurement each second and to estimate not only the internal
states of the sensor but also the stimulus'input, w, it
must have a model of the canal dynamics and the input process.
This is accomplished by augmenting the state vector of equa-
tion A.l with a state xcté)jwhich represents the input w(see
figure 3.3). The resulting linear model which represents

the internal model used by the Xalman estimator is given by:

Xex = AorXep * BV

CI _ (A.11)
Yor = Sep¥eop + SFRnp + ngg (A.12)
0 1 0 o |
where Acp =] © 0 i 0 (A.13)

~.37037 -17.7966 -~200.0888 1
0 0 0 -5 |
L
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0
Ber = |0 (A.14)
0
5
WCI is a unit white noise process {A.15)
and Yer+ Serv SFRCI' n.p are the same as y_, gc,
SFRC, nC

The discrete version of the Kalman filter {see eguations

3.11, 3. 13, 3. 14 and 3. 15) requires the transition matrix

associated Wlth Ang which is glven by
- 3-‘
.99911 . .95698 004760 L767x10°
_ 1 ~3
bap = .001763 .91448 .oo4573~3 .924x10_4 (A~ 16)
-.001694 ~.07953 ~.415x10 "~ ~.490x10
[ 0.0 0.0 0.0 .006738

The resultant steady state Kalman Gains are given by

-.9191772x10"3
. — ; —5
K o= +.3141562x10_3 (A.17)
+.1503512x10
1

] +.3055998x10"

-

Finally the steady state Kalman filter for the semi-

circular canal system is given by

x(t+1) = 9, x (€) +

~CI

Koo lyor= .SFRCI) 4x-cx-’&:m1 (A.18)

~

where Xc4

{t+l} is the minimum mean sguared error estimate

of the rotational rate w(t+l)
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Yoi is the afferent measurement at t+l
€¢I are defined above.

Sopr Eogr SFRqgo

OTOLITH MODEL

The response of utricular afferents is modaelled by

the following lineax dynamical system (See section 3.2).
(A.19)

where

:JEL! = éuiu + Euf
Yy, = Cu¥y * SFR, + n, {(p.20)
0 1
By = | -40.  -200.2 (A.21)
0
B, = 1 (A.22)
{1800, 18000] (A.23)
{(A.24)

Cu =
is the spontaneous firing rate (88 ips)

SFR

u . .

. including low fregquency variations
n, is a white measurement noise process which
ig discussed in section 3.2
f is the effective specific force acting on the

sensor (g's)
Y, is the afferent response of the utricle (ips)-.

and
The discrete version of eguations {(A.19) and (A.20)
for an update interval of .1l seconds is given by
+. = @ Ll
Eylttal) = ¢ (t+.1,b)x (t) + D, £(t+.1} {(A.25)
(A.26)

= C X(t+.1) + SFR_+ n

Y, (t+.1)
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where

.98118

Syler-1.8) = | _ 19624
.47050x10"
By = | .49059x10"

.0049059
-.00098118

(A.27}

(A.28)

C,r SFR and n  are as previously defined and £ is

the specific force stimulus (g's).

The internal model of

the otolith dynamics augmented with the internal model of

the stimulus statistics is given by

X = A __X )
=UI ~UJI-UI + EUIWUI

Yyr ® Syr¥yr * SFRyp + nyg

= C...X
where .
0 1 0
A = -40. ~200.2 1
-ul 0 0 -1
0
B o= 4]
—UlL 1

W is a unit white noise process

Ul

and - ¥yrs Cyre u

'SFRU and nU

The transition matrix associated with &UI for a 1

second update interval is given by:

SFR 1+ nyp are the same as Yyr C

(A.29)

(A.30)

(A.31)

(A.32)

(A.33)
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.81955  .0040977 .0028114
040 = | --16391  -.81955x10™°  .0012864 (A.34)
0.0 0,0 .36788

The steady state Kalman gains for the system defined by

{A.22) and (A.30) are

.1283x10" ¢
- -4
Koy = ,2792x10“2 (A.35)
.6102x10

Finally the steady state Kalman £filter foxr the utriclé

is given by

Xyltrd) = fupxq (0] + Koy llyyr=SFRyp) = CyplyrXy ()] (a.36)

Yur is the afferent measurement at t+l

and &y, K.y SFRUI’ Cyp are defined above.

The saccular model is identical to that of the utricle

except that the afferent response is only half as great (ys =

yU/Z) and the resulting Kalman gains are twice as great (gws-

2Koyy) »
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