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SENSORY MECHANISM MODELING

1.0 INTRODUCTION

Reliance on aircraft simulation, both for pilot
training and experimentation, is expanding rapidly.
There exists a need to learn more about human sensory
systems in order to discover what motion cues are im-
portant for training, face validity, and manual control
research in a simulation, and how best to provide them.
Current motion cueing systems, for instance, often
emphasize matching simulator motion with aircraft motion
and use "washout" logic to keep motion within hardware
limitations. Although physiological thresholds and
sensitive frequencies are sometimes considered, the
special characteristics of the pilot's sensory system
are not used to full advantage. Utilization of these
characteristics may result in more effective simulations,
but will require some understanding of how the various
sensors interact to produce a certain overall sensation
of orientation and motion. The purpose of this sensory
mechanism modeling project is to further the understand-
ing of multi-sensory integration in spatial orientation,
and to aid in its application to simulator requirements.

Currently the "fidelity," or realism, of a simulated
maneuver is evaluated either by subjective pilot opinion,
or by comparing aircraft specific forces, accelerations,
visual field motions, and tactile forces, with those pro-
duced by the simulator. In our view, the appropriate
comparison should be between the pilot's perception of
motion in the simulator and aircraft, rather than between
the simulator and aircraft motions themselves. Figure
1.1 shows a scheme that uses sensory system models to
compare perception in the simulator to that which would
be produced in the aircraft. Several elements shown in
this block diagram are under the control of the simula-
tor designer and user, including, for example, the limits
on a motion drive and the logic used to control it in
conjunction with visual and tactile cues. 1In order to
specify these for sufficient simulator fidelity, however,
the block labelled "Motion Sensing Model of Pilot" must
be developed. That development is the subject of this
research.

In addition to the model development, a number of
important ancillary issues are raised. For example, how
much realism, or fidelity, is necessary for a given pur-
pose, such as pilot training or aircraft handling gquality
evaluation? What is the least amount of simulator motion

11
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necessary to achieve a given degree of fidelity? How much
simulator motion can be "traded" for more compelling visual
scene displays, more elaborate tactile force devices, etc?
All of these questions demand a greater understanding of
the underlying sensory mechanisms, and the overall affect
of multisensory stimulation.

1.1 Summary

The specific objective of the work described by this
report has been to create a unified, or composite, model
for motion and orientation perception able to integrate
four sensory modalities: vestibular, visual, propriocep-
tive, and tactile. Theoretical models for nearly all the
individual sensor systems exist in the literature, based
on varying amounts of data, and in the case of the vestibu-
lar and visual systems interaction between modalities has
been studied as well. Data relating mechanoreceptor func-
tion to perceived motion and orientation is relatively
sparse, and a computer literature search has been conducted
to identify available information in this area. Although
there are many gaps in our knowledge of all sensory modes,
it is felt that there is now enough information to warrant
a first attempt at a unified perception model with the goal
of making reasonable predictions of subjective orientation.

The biological central processor, charged with inte-
grating information from various sensors, may have evolved
to perform something akin to an optimal estimation process.
Under certain linearity and noise spectrum assumptions,
the least mean squared error estimator is the well known
Kalman filter. Although nonlinear processes may also
play a part, it was decided to model integration of the
various information channels with a Kalman filter blending
approach.

An internal model, representing the central processor's
view of the relation between biological sensors and the
outside world, is used to derive optimal gains for a steady-
state Kalman filter. The Kalman filter is then used to
process signals from the individual sensor system models,
producing an estimate of state.

A FORTRAN IV computer program has been written to
implement the proposed model, and is designed to output
time history predictions of orientation and motion sensa-~
tion given a time domain stimulus profile. Since it is
intended as a research tool, the program has been written

13
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in as flexible a form as possible allowing the model struc-
ture to be changed or adjusted easily.

Employing only vestibular sensor components (semicir-
cular canals and otoliths), the model has been exercised
with yaw step acceleration, linear step acceleration, and
with rapid pitch to a constant pitch angle. All stimuli
were above threshold levels and threshold effects have
not yet been considered. Initial results appear quite
promising and are qualitatively consistent with psycho-
physical data. In the case of yaw step acceleration,
which stimulates only the semicircular canals, the model
predicts an initially accurate perception of yaw velocity,
which then levels off and decays. The time course is
consistent with experimental data. The step in forward
linear acceleration is "felt" by the model as an initial
acceleration which rapidly decays and is replaced by a
pitched-back sensation. This phenomena is well known
during aircraft catapult launches. When the stimulus is
a true pitch-back, the same steady-state perception re-
sults, but the time course of perceived pitch orientation
closely follows true pitch orientation. The change in
specific force direction is no longer felt as a large
initial acceleration. This is also consistent with known
human responses.

Model exercise up to this point, although encouraging,
has been very preliminary. Additional work is needed to
test threshold phenomena and to match quantitative model
responses with psychophysical data. Model parameters prob-
ably will need to be adjusted or "tuned" so that response
time constants and magnitudes fit experimental data as
closely as possible. As of this writing, interaction of
visual, tactile and proprioceptive sensors with the semi-
circular canals and otoliths has not been tested. Work
is ongoing to implement these additional modalities and
to make any model modifications indicated by the results.

1.2 Report Organization

This report is divided into six sections. Section
2.0 describes a computer literature search for mechano-
receptor data. The references generated by the search
are listed, by categories, in Appendix A.

Section 3.0 details pertinent knowledge about each
of the four sensory modalities under consideration, and
presents our modeling approach to each individual sensor
system. The modalities being considered are: visual,
vestibular, tactile and proprioceptive.

14




Section 4.0 is devoted to the unified model. First,
three previous models that integrate two or more sensory
modalities are described very briefly (Section 4.1). Next,
our approach to the current effort is discussed (Section
4.,2), followed by a detailed description of the proposed
"unified model" (Section 4.3).

Section 5.0 presents and discusses results so far
obtained from a computer implementation of the model.
System matrices and parameters used to generate these
results are listed in Appendix B. Conclusions appear in
Section 6.0.

15




2.0 LITERATURE SEARCH

A computer literature search was conducted to identify
available material in the area of neural mechanoreceptor
systems. The NASIC service was used to search three files:
MEDLINE (Index Medicus), NTIS (Government reports), and
PSYCHABS (Psychological Abstracts). 1In addition to these
sources the Defense Documentation Center (DDC) service was

employed.
Some of the key words used in the searches were:

Perceptual Orientation
Space perception

Space orientation
Kinesthetic perception
Cutaneous Sense
Proprioception

Tactile

Haptic

Vibrotactile
Mechanoreceptor
Pacini corpuscles
Golgi and Mazzoni corpuscles

Neuromuscular spindles

4 The descriptive paragraph sent to the DDC was:

"We are searching for literature describing human mechano-
receptor systems and the perceptions (sensations) caused
by stimulation of mechanoreceptors. We are especially
interested in models relating mechanical stimulation to
resulting perception, or to afferent nerve responses from
tactile and proprioceptive receptors. Of even more
specific interest 18 work relating sensation of motion
and orientation to mechanoreceptor stimulation. The
heading 'Mechanoreceptor' may include such subheadings

as cutaneous sensors, tactile receptor, prorrioceptor,
haptic sensor, deep pressure sensor; or rore specifically
Pacini corpuscle, Mazzoni corpuscle, Iggo corpuscles,
muscle spindle, Golgi tendon organ, neuromuscular spindles,
ete."

16
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Table 2.1 specifies the total number of references
generated by each search and the number of references
considered pertinent after inspection (in the latter
category duplicate references are counted only for the
first index in which they were found). Copies of pertin-
ent references were obtained and organized by category
(see Table 2.2). Table 2.2 includes secondary references
cited by other articles. All references generated by this
search are listed by categories in Appendix A.

A s it




COMPUTER LITERATURE SEARCHES

TOTAL PERTINENT
REFERENCES REFERENCES
INDEX GENERATED GENERATED
{ MEDLINE 133 16
. PSYCHABS 258 10
!
| NTIS 264 7
!
. DDC 14 2
TOTAL 669 35
TABLE 2.1

18




CLASSIFICATION OF MECHANORECEPTOR LITERATURE

NO. OF
ARTICLES
TACTILE SENSOR SYSTEMS
-  NEUROPHYSIOLOGY 21
-  PSYCHOPHYSICS 12
- NEUROPHYSIOLOGY & PSYCHOPHYSICS 1
PROPRIOCEPTIVE SENSOR SYSTEMS
- NEUROPHYSIOLOGY 11
- PSYCHOPHYSICS 1
GENERAL MECHANORECEPTOR MODELS
& PHYSIOLOGY 2
TOTAL 48

TABLE 2.2




3.0 SENSOR SUBSYSTEMS

3.1 Visual System

3.1.1 Scope of the Visual Cues Considered

Of the wide variety of visual cues available to the
pilot in simulation this section considers only one as-
pect, namely the sensation of continuous motion, or of
steady pitch or roll angle, induced by the movement of
a large field visual scene. It specifically excludes two
large and important classes of visual cues. One is in-
formation available to the pilot on his display instru-
ments, such as the artificial horizon or rate of turn
indicator. The other is information from specific exter-
nal visual field structure, such as an horizon.

Sufficient attention has been devoted to the instru-
ment flight rules (IFR) case in the manual control liter-
ature that one can safely assume that those models are
valid for perception of movement. Specifically, the pilot
is assumed able to perceive, with a processing time of the
order of 100 to 300 msecs, each state variable explicitly
displayed on a dial or other indicator, and its first
derivative. The approximate observation noises associated
with these indications is 20 db below the signal level
(Curry, Hoffman & Young, 1976; Kleinman, Baron, & Levison,
1970).

The visual cues considered in this section are limited
to out the window visual scenes as provided in an aircraft
or in a wide field visual scene flight simulator. They do
not, however, include any elements in the structure of the
scene such as recognizable landmarks, orientation cues, or
even the horizon line. The descriptions are limited to
the peripheral motion cues which are equivalent to the
passage of stars or clouds in a wide field simulation.

3.1.2 cCharacteristics of Vection

The visually induced effects on orientation and motion
perception are referred to in general as "vection," with
circularvection referring to visually induced motion in yaw
and linearvection referring to visually induced translatory
motion. The common experience of linearvection is the il-
lusion of moving backwards while actually stationary when
the adjacent train in a station begins to slowly move for-
ward, or when the neighboring car at a stop light begins to

20




creep forward. Circularvection, or a sustained sensation
of yaw rate when the entire visual field rotates about a
vertical axis, is somewhat less common but is experienced
by many in 360° motion picture theaters, and especially in
good wide field visual simulators. Least well known of all
are the phenomena of visually induced pitch or roll result-
ing from a steady pitch or roll rate of the entire visual
surround. The interest in these phenonena has increased
markedly over the past five years resulting in a great deal
of quantitative data on all forms of vection, and attempts
to understand the interaction between visually induced
motion and vestibular responses. Some general facts can
be summarized as they apply to all forms of visually in-
duced motion:

1. The peripheral, rather than the central visual
fields, must be stimulated.

2. Background stimulation is more important than
foreground stimulation.

3. Up to a certain spatial frequency, the increase
in the number of clearly defined moving borders enhances
the onset and magnitude of the vection.

4, The visually induced effect is proportional to
the stimulus velocity up to a saturation velocity.

5. The time delay to onset of visually induced
motion is highly variable, both among individuals and
for any one individual.

6. Brief vestibular cues in the appropriate direc-
tion hasten the onset of visually induced motion and those
in the conflicting direction delay its onset.

7. Continuous constant velocity stimulation results
in a slight long term adaptation in the effect and in
occasional losses of the visual effect, possibly correlated
with eye movements.

8. The visually induced motion effect is, in most
respects, identical to that produced by the vestibular
stimulation with the exception that no sensation of accel-
eration or deceleration is felt to accompany the observed
changes in velocity. 7
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9. The frequency response of visually induced motion
effects depends upon the predictability of the signal; it
is wider band for predictable than for random motions.

10. The approximate frequency response for each of the

modes tested is modeled by a first-order low-pass filter
with break frequency at 0.1 Hz.

3.1.3 Dynamic Model for Vection

For the purposes of the Kalman filter model, it would
be desirable to have a model of the visually induced motion
effects obtained in the absence of any vestibular stimula-
tion. This would be apparently analogous to the vestibular
models obtained for rotation in the dark. Unfortunately,
experiments on visually induced motion in the absence of
any vestibular information cannot be performed on normal !
subjects possessing a functioning vestibular system.

Simply stated, either the vestibular system will yield -
signals confirming the direction of visually induced motion, ,
as when a cab is rotated relative to a stationary surround, a
or, in the absence of any vestibular stimulation, the semi-
circular canal and otolith cues will indicate that the sub-
ject is not accelerating or changing orientation with re-
spect to gravity, which is a signal in direct conflict with
the visually induced motion sets. Therefore, we are left
in somewhat of a quandary since the Kalman filter itself
should lead to the development of the appropriate strategy
for visual-vestibular interaction and yet each of the
psychophysical experiments upon which the model is de-
veloped involves vestibular cues which either confirm or
conflict with visual field motion. Finallv, to complicate
matters even further, the development of visually induced
motion effects is a very strong function of the mental set
of the subject. Having frequently experienced true motion
or visually induced motion, and being placed in the situa-
tion in which such motion seems possible (as for example

in a movable trainer), the onset and strength of the visu-
ally induced motion is enhanced.

The rationale for picking a low-pass filter with break
frequency at 0.1 Hz stems from both linearvection and cir-
cularvection experiments with sinusoidal random input stim-
uli, and from time domain recordings of the development of
circularvection or linearvection following a step change
in field velocity. 1In the latter case as shown in Figure
3.1 for circularvection and Figure 3.2 for linearvection,
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after the delay in onset, the sensation rises rapidly in
an almost exponential fashion to its final value in a
period of usually 3 to 5 seconds, consistent with a
first-order system having a time constant of approxi-
mately 1.5 seconds. 1In the case of vertical linearvection
with a stationary cab, we have shown that the amplitude
ratio and phase lag of self-induced velocity as a function
of field velocity breaks at approximately 0.1 Hz but that
this break is more noticeable and the amplitude ratio
decreas2s more markedly when the input is a random signal
as would typically be the case in most flight simulation
conditions. Figures 3.3 and 3.4 from Chu, (1976) show
these frequency responses for the linearvection case. 1In
the case of circularvection, or rotation about a yaw axis,
similar measurements were taken under conditions in which
the cab was actually moved but subject to a vestibular
simulation which was independent of the visual field
motion. Measurements of the describing function between
visual input velocity, vestibular stimulus velocity, and
the presumed perception of velocity, as reflected in the
subject's control stick motions to zero the cab velocity,
yielded the manual control frequency responses shown in
Figure 3.5 from Zacharias and Young (1977). Some adapta-
tion to prolonged stimulation is also evident in the
linearvection experiments of Bertoz et al (1975), in which
it was seen that during prolonged stimulation the subject
requires ever increasing field velocities to maintain a
perception of constant linear velocity. It was felt that
the long term adaptation associated with time constants
on the order of a minute or more is not required for the
initial modeling effort.

Although the basic model used in this contract is a
linear Kalman filter model, it should be pointed out that
certain success has been achieved in modeling visual in-
teractions with a nonlinear "cue conflict model" in which
certain sensory channels are in effect turned off when
their outputs are strongly in disagreement with those of
other channels. 1In particular, when short term visual
transient information disagrees strongly with vestibular
induced motion information, the visual information is
largely discarded until such time as the strength of the
vestibular-visual conflict is reduced (Zacharias & Young,
1977).
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Figure 3.5 Dual-input describing functions (uncorrectec
for operator dynamics) (from Zacharias, 1977).
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3.1.4 Electrophysiological Measures

The psychophysical measures reviewed above are more
reliable, for the purposes of modeling at the present
time, than are any physiological measures associated with
vection. Although eye movement records, and especially
nystagmus velocity, provides a convenient measure, highly
correlated with circularvection, the functional relation-
ship between the two is far from clear. At the electro-
physiological level, single unit recordings at various
sites in the brain stem and cerebellum have been shown
to be influenced by visual field velocity. In particular,
evidence is rapidly accumulating to implicate the vestibu-
lar nucleus as a site at which body rotation signals from
various sensory modalities are represented, and perhaps
integrated (see Henn et. al., 1974; Dichgans et. al., 1973;
Thomsen, 1976). However, the case is not yet made that
these signals represent the visual input to vection and,
therefore, the modeling effort will remain primarily based
on the magnitude estimate data.

3.2 Vestibular System

The vestibular system resides in a labyrinthine struc-
ture behind the auditory portion of the ear. It is com-
posed of a set of rotation sensing organs known as the
semicircular canals and a set of specific force sensors
called the otoliths. These organs have been studied ex-
tensively over many years and are the most well-defined
of the four sensory systems under consideration.

3.2.1 Semicircular Canals

The semicircular canal model used for this work closely
follows the model for canal afferent firing rate used by
Ormsby (1974) and relies heavily on work by Young and Oman
(1969) and Goldberg and Fernandez (1971). The two sets of
canals are replaced by a single Cyclopean set of three canals
with sensitive axes oriented as shown in Figure 3.6.

The response of each canal along its sensitive axis is
modeled as a highly overdamped torsion pendulum with added
afferent processing. The resulting transfer function is
shown below.
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HEAD COORDINATES = (xhd ,yhd ,zhd)

CANAL COORDINATES = (xc¢ ,yc,zc)

OTOLITH COORDINATES = (»o0,y0,20)
Figure 3.6 Cyclopian Sensor Coordinates
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BER - (.579) 1 s (s + 100)  (3.1)
(s +1) (s +200) (s +.0333)
N > 18 SRR N
. ; rate
torsion pend. adaptation sensitivity
where AFR = afferent firing rate
o = angular acceleration

This differs from Ormsby's model only in that Ormsby's 18-
second torsion pendulum time constant has been changed to
10 seconds in order to match more recent information, and

a .005-second time constant from the torsion pendulum model
has been omitted. It is not anticipated that there will be
a need to use the model at iteration intervals of much less
than .1l seconds and the .005-second time constant would,
therefore, be invisible.

The absolute canal threshold is usually taken as the
acceleration step which a subject has a 75% probability of
detecting. Above absolute threshold, detection latency is
a function of angular acceleration magnitude. Figure 3.7
shows response latency as a function of angular accelera-
tion. This curve can be fit with the equation

a(T-Tr) = kw (3.2)
where o = angular acceleration

T = response latency

T _= reaction time

k = constant

kw has units of angular velocity and is approximately 2° per
second. Thus, an angular acceleration below absolute thres-
hold will never be felt while an acceleration above absolute
threshold will be felt only after angular velocity reaches k.

33




77245 |

P S i T B O L S MU R

60 3

40| =

30r ..‘

20— a Experimental doto from  —

2 \ Meiry, with one stondord

= 10k deviction o
e F x Dato from Clork ond Stewort 3
L 6 — Model prediction ~
@ g -
€ —
- 3 E- =
g 2f v ]
.c_) \ 8
(o]
- 10

NWD O
|80 B RALE

(o]

o]

o]

&
1/{/TLLUI

|

] 1yl B T T | | e
L2 4 6 10 22 46810 20 4070
Angular Accelerotion deg/sec?

Figure 3.7 Adaptation model for subjective response
latency to constant angular acceleration.
(From Young & Oman, 1969) (Used with per- :
mission of Aerospace Medical Association.) i
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The velocity threshold is usually the most important
one, and the overdamped quality of Equation 3.1 allows w
to be associated with an afferent firing rate. Threshold
has, therefore, been modeled as shown in Figure 3.8. THc
in Figure 3.8 is the afferent firing rate reached during
a 10°/sec angular acceleration step after .2 seconds (i.e.,
when angular velocity reaches 2°/sec).

3.2.2 Otoliths

The otoliths are modeled using Ormsby's Cyclopean sys-
tem of coordinates shown in Figure 3.6. The xo and yo axes
represent the utricular otolith, while the zo axis repre-
sents the saccular otolith. Response dynamics along each
sensitive axis are modeled as an accelerometer with added
rate senstivity presumably due to neural processing.

The transfer function used by Ormsby (1974) is

AFR _  18000(s +.1)

sf (s+.2) (s +200)

(3.3)

AFR
sf

afferent firing rate

specific force

This differs from a model proposed by Young and Meiry in
1968, in that the pole at 200 rad/sec in Equation 3.3 ap-
pears at 1.5 rad/sec in the Young and Meiry model.

Fernandez and Goldberg (1976) recorded from squirrel
monkey otolith afferents and found that they could divide
units into two populations based on the regularity (i.e.,
coefficient of variation) of discharge rate. Regular units
(coefficient of variation < .,075) represented approximately
70% of the sample, irregular units (coefficient of varia-
tion > .15) represented approximately 25% of the sample and
the remaining units were not clearly defined.

Figure 3.9 shows amplitude ratio Bode plots of the
regular and irregular units found by Fernandez and Goldberg,
and also plots the Ormsby, and Young and Meiry models. Com-
parison with the Goldberg and Fernandez data suggests that
the 1.5 rad/sec (.24 Hz) pole in the Young and Meiry model
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ANGULAR AFFERENT
ACCELERATION CANAL MECHANICAL FIRING
STIMULUS ¢ AFFERENT DYNAMICS THRESHOLD RATE

a —

a“‘ 0.574s ( 3+100) | =

ye (8+0.1) (8+0.033) J ‘ H Yyc

@zc — M1 v Yze

Figure 3.8 Semicircular Canal Model.
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may be reflecting a neuromuscular time constant in the
response task and should probably have a larger value.
The Ormsby model curve appears to be a reasonable com-
promise between the two populations in the Goldberg and
Fernandez neurophysiological data.

For the purpose of the present modeling project the
200 radian per second pole (.005~second time constant) is
unimportant since it will be invisible for all but ex-
tremely fast model iteration rates. It has, therefore,
been omitted.

. The accepted value for otolith threshold is approxi-
mately .005g (see Meiry, 1965; Young and Meiry, 1968;
Ormsby, 1974). Modeling threshold as a mechanical effect
(as did Young and Meiry), leads to the otolith dyanmics
shown in Figure 3.10.

A set of illusory effects, associated with static
orientation in certain specific force environments, have
been recognized for a long time and are often classified
Aubert, Muller and elevator illusion effects (see Howard
and Templeton, 1966; Ormsby and Young, 1976). The net
effect of these illusions can be generated by placing
the nonlinearity shown in Figure 3.11 in the zo axis
(Ormsby and Young, 1976). Although the actual cause
and location of these effects is not known, we have
modeled them by arbitrarily placing the nonlinearity
of Figure 3.1l in the saccule afferent response path
as shown in Figure 3.12. Figure 3.12 diagrams the com-
plete otolith model.

3.3 Tactile System

The material in this section is derived primarily

from the new literature search (see Section 2.0) and

is based both on psychophysical and neurophysiological
data. The tactile model, described at the end of this
section, is based on three distinct and relatively well-
defined receptors found in hairy skin (as opposed to

the glabrous skin of the hands and feet). These recep-
tors probably have the most bearing on the situation of
primary interest, namely that of a person sitting in an
aircraft seat. The three receptors referred to are:

1. Pacinian corpuscles which are quickly adapting
and usually found in subcutaneous tissue.

2. Type I receptors which are slowly adapting and
found in the epidermis.
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MECHANICAL MODEL OF AFFERENT AFFERENT
OTOLITH DEFLECTION THRESHOLD PROCESSING FIRING RATE
sf 4 g
= 90 (s+0.1) —
s+ 0.2 ) lTHo .y_

Figure 3.10 Otolith Dynamics.
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ouT

(AFR, ) (Cos 25°) + |

+ —> IN
/ (AFR4) (Cos 25°)

AFFERENT FIRING RATE :
g .

AFRg =

F Figure 3.11 Saccule Non-linearity (redrawn from
| Ormsby & Young, 1976).
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3. Type II receptors which are also slowly adapting
and found in the dermis.

3.3.1 Tactile Receptor Physiology

3.3.1.1 Pacinian Corpuscle

Pacinian corpuscles are deep pressure sensors with a
rather distinctive morphology. They are encapsulated by
cylindrical fluid-filled sheaths, or lamellae, which prevent
static deformation from reaching the hard elliptical core.
It is this dendritic core that is actually responsible for
producing generator current and thus the capsule acts as a
mechanical high-pass filter of deformation stimuli,

Figure 3.13 shows a schematic view of a Pacinian
corpuscle, as well as a corresponding mechanical model.
The corpuscles are innervated by myelinated afferent fibers
and are usually found in subcutaneous tissue although they
sometimes appear in the lower parts of the dermis. Figure
3.14 shows such a corpuscle in a section of glabrous ski<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>