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INTRODUCTION

The research covered by this grant is aimed at the develop-
ment of practical tools which can extend the state of the art of
moving base flight simulation for research and training. There
are two main approaches to this research effort reported on in
this progress summary:

(1) Application of the vestibular model for perception
of orientation based on motion cues: optimum
simulator motion controls

(2) Visual cues in landing.

Very significant progress has been made with respect ta the first

goal, including the completion of a Master's thesis on this subject

.by Mr. Joshua Borah. Experiments are underway on the second portion

after initial pilot experiments which were performed during this
reporting period.
In addition to the M.S. thesis, we have one paper in press

and another which has been submitted for publication. These papers

"are appended to this progress report.
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APPLICATION OF THE VESTIBULAR MODEL FOR PERCEPTION OF
ORIENTATION BASED ON MOTION CUES: OPTIMUM SIMULATOR

MOTION CONTROLS

Application of the Ormsby Vestibular Model to Motion

Requirements for a Coordinated Turn in the LINK Trainer

1 Introduction

It is often desirable to simulate the sensations of riding in
or operating some vehicle without using the vehicle itself. TUsually
the device usgd for the gimulation is much more tightly constrained
than the actual vehicle. The most important example is probably
that of aircraft simulation. Whether tréining a pilot, evzluating

handling characteristics of a new aircraft, or trying out new instru-

ment displays, it is preferable to make initial tests without en-—

dangering a pilot or an aircraft.

Modern aircraft simulators often have multi-degree of freedom
motion capabilities, but compared to an aircraft are severely re—
stricted by position, velocity, and acceleration limits., .A strategy
must be devised for attenuating or "washing out" the vehicle motions

so that they fall within the simulator constraints. The task, then,

-

is to duplicate or approximate the sensations produced by some motion

history when only a much more limited motion is available.
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The motion parameters available to a person for use in seansing .
motion are basically specific force and angular acceleration. These
quantities can influence tactile sensors at points of body contact ' é
with the vehicle, proprioceptive sensofs when muscles are stretched

or compressed, and the small inertial mechanism in the inner ear oo

known as the vestibular system. In a simulator, it is not possible
to duplicate all the specific force ané angular acceleration profiles ; 4
éttainable by the real aireraft. Often different degrees and com-
binations of these vectors can be generated, sometimes one to the
exclusion of the other. For instance, it may.be possible to dupli-
cate the proper specific forcg direction on1§ at the expense of
improper angular acceleration and vice versa. A whole range of
‘combinations varying between these extremes is usually possible.
It is not always obvious which strategy will ﬁo the best job of
making people feel as though they are in the real aireraft.
Very sopﬁistiéated washout designs have been developed,; espe-
cially since real time digital processing has become feasible.
-Complex networks have been developed for coprdinating attitude and -
translational acceleration to obtain the desired specific force
direction without exceeding'simulator constraints. The art has
been extended by the use of non-linear adaptive filtering to
present as much of a motion cue as possible. o ) -
Although physiological thresholds and sensitive frequencies are T i
considered and are used in "tuning" these circuits, the basicvattempt
is still to minimize error in specific force and angdlar écceleration

presentation. This has been the logical thing to do because these
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"sensations, and can also effect the perception of spatial orien-

quantities have been the available, measuréble parameters most
closely related to motion perception. Thé human biological system,
however, is not a perfect transducer of spécific force or angular
acceleration, and often does notaeven.respoﬂd to these wvectors in
a linear fashion.

A physiological model, providing a reliable estimate of human
perception during a given motion history, may be a very promising

tool for simulation technology. Human perceptions in the simulator

and aircraft could be objectively compared to gauge simulation : o
fidelity, since it is the match up of overall perception that
actually defines "realism'.

This discussion has so far considered only the use of real

motion to produce the feeling of movement. This feeling is also

T S g SOOI ST

influenced by movement of the visual field. It seems that the

peripheral wvisual field is especially important in creating motion

tation. Almost everybody has, at one time or another, experienced
the illusion of moving by another train in a railroad car only to

discover themselves at rest and the other train really the one in

motion. The same illusion can be created with a field of dots

for example, which move by as though the person is passing through

a tunnel with dotted walls. This phenomenon is called linearﬁection.

If the dot pattern moves in a circular féshion, as though the person

were rotating inside a cylinder with dotted walls, a powerful

illusion of rotational motion can be induced. This is called cir- :‘ o

cularvection. If the circularvection is about a horizontal axis,




it may also induce a feeling of tilt with respéct to the vertical.
These effects can be produced with many different visual patterns
and by using only the peripheral portiom of the visual field‘ An
implication for aircraft simulation is that a reiatively simple
moving display on the cockpit side windows may help create the

‘desired sensations of motion.

2 Analysis of a Coordinated Turn Simulation

Tn aircraft parlance, "coordinated" flight means that the specific
force vector remains vertical with respect to the cockpit. When this
is accomplished, the pilot and passengers feel no side forces, only
a force of varying magnitude pushing them straight into their seats.
Most pilets, especially airline pilots, always attempt to maintain
coordination since their passengers are most likely to feel comfortable
under these conditions.

>We have attempted to simulate a coordinated turn in a three degree
of freedom Link GAT-1 trainer using the Ormsby model of Human Dynamic
Orientation to predict the non-visually induced sensations of a pas-
senger during the maneuver. The model has been adapted to provide
a gauge of simulation fidelity by using a simple, intuitively logical
scheme for assigning penalties to incorrect perceptions. Incosrect
perception is defined as any difference between perception im the
simulator and in the aircraft, This penalty or cost index analysis
is then used to choose a motion profile for the Link that is most

- likely the optimal simulation for a particular turn.

I




For use in the physiological model and experiments, a specific
coordinated turn profile was needed. Most convenient for this work,
is an idealized profile that is as simple as possible while retaining
the basic elements that make coordination difficult to simulate. This
is true for two reasons. The most compelling is that the only way
to get a completely realistic profile is to record aircraft motions
(attitude and accelerations) as a pilot flies the maneuver, and such
material is not readily available. The second reason is that no
two pilots will roll in and out of coqrdinated turns with exactly
the same profile, and a single pilot will pfnbably never fly the
same profile twice. It can therefore bhe argued that more generalized
conclusions can be drawn by studying the idealized situation.

The most important thing to note about a coordinated turn, how-
ever, is that the specific force vector rolls with the‘cockpit‘and
increases in length. Tt may deviate slightly from cockpit vertical
noy and again, but to an observer in the‘craft it does not: indicate
cockpit roll angle or roll fate. In a three degree of freedom device,
with only pitch, roll, and yaw motion available, it is not possible
to create this situation. Even in a multi-degree-~of-freedom simu~—
lator, with lateral motion capability, it is not possible to sus-
téin a roll angle very long without allowing the specific force
to realign with earth veytical. It is this aspect of the turn that
should be emphasized in the idealized version to be analysed with

the physiological model.

4
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_ The basic parameters chosen for the idealized turn are a 30
degree bank, 85 knot, constant altitude -coordinated turn, main~
taining airspeed during roll-in and roll~out. This will yield a
turn rate »f zbout 7 degrees per secong,rconsiderébly faster ﬁhan
the standard 3 degree per second turn, It is, however, by no means
unreasonable and the steep bank angle will emphasize the effects
of coordination. A typical roll rate in a small plaue is about
10 desvzes per second. The roll profile used here is shown in
Figuyra: 1l .and is essentially a constant roll rate during roll in
and out with tenth second ramps leading to and from the constant
value. There is no doubt that a réal pllot does not maintain a
‘constant rate, but probably increases to a maximum and decreases
back to zero in a more or less smooth curve. Without actually
measuring this in a real situation, however, there is no waﬁ of
telling whether a typical profile i= more closely fit by a square
wave, a trapezoid, a triangle, etc. The profile shown was chosen
as the siﬁplest, The yaw rate profile is also shown in the figure.
Since, the pitch angle change in such a maneuver is very small
and since a one degree change in pitch is below the resolution bf
the psychophysical estimates obtained for this work, the small

pitch adjustment will be ignored during this simulation.
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3 Ormsby Model of Human Dynamic Orientation

A model for predicting perceptual respenses to motion stimuli
has been developed at the MIT.Man—Vehicle Laboratory by Charles
drmsby. The model is based on tée kn&wn mechanics of the vesti-
bular organs. It aséumes an optimal processing strategy by higher
centers to obtain estimates of attitude and motion and was designed
to be consistent with available neurophysiclogical and psychophysical
déta. Since much of this data is derived from experiments which
necessarily include tactile and proprioceptive motion cues, it can
be argued that the model is tuned to account for some. of these cues.
It.must be regarded, however, as primarily a vestibular information
and information processing model.

The vestibular system is composed of two types of sensors. The
rotational motion sensor is a set of three roughly orthogonal toroids
_or cireular canals. The canals are fluid filled and completely
obstructed in one section by a gelatinous mass called the cupula.
Imbedded in the cupula are hair cells which can respond to deforma-
tion in one sensitive direction. When a canal is accelerated about
its axis of symmetry, the endolymph f£fluid iags behind the canal
* walls and applies a force to the cupula. The resulting deformation
is transformed to an afferent firing rate and signals a rotatiomal
motion. A set of these organs, called semicircular canals, are
contained in the membranous ducts within bony fluid filled labyrinths

on either side of the head, behind the auditory portion of the ear.
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The other type of sensor, responsible for detection of specific
force, is a gelatinous mass contiining calciuﬁ carbonate crystals
(otoconia) and supported by a bed or hair cells .(maculae). This
stucture is also immersed in a £luid, but since the otoconia are
denser than the fluiq, é chnage in specific force will cause them
to move relative to the labyrinth, thus deforming the supporting .
hair cells. On each side of the head, occupying the same labyrinth-
ine structure as the canals, are two such organs: the utricular
and saccular otoliths., The utricular sac actually serves as both
the housing for the utricular otelith and the baée reservoir of the
three canals.

Fach canal is excited (afferents increase their firing rate
over resting levels) by angular acceleration in oné direction
along its sensitive axis, and 1is asymmetrically inhibited b§
rotation in the opposite directiomn. Since the_two canal sets
behave with opposite polarities, a sort of push—pull system is
created yielding a roughly symmetric combined response. The
utricular macula contains hair cells of all orientations and is
sensitive in all directions parallel to its plane.- The saccule
is predominantly sensitive in the direction perpendicular to the
average utricular pl ..

Tor modelling purposes, ;he system is simplified to one éyclopian
system consisting of tﬁree canal and three otolith organs. All
organs are modelled as responding symmetrically along their sen-
sitive axes which ére shown in the next two figures. These axes

-

will be referred to as otolith and canal sensor coordinates. The

™




Tigure 2
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Canal coordinates = (xc, yc, zt)

' Otolith coordinates = (%o, yo, zo)

Cyclopian sensor coordinates
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response of each canal along its sensitive axis is modelled as

a highly overdamped torsion pendulum, with an added rate sensi-
tivity and adaptation term presumably due to afferent processing.
Although actually an angular acceleration sensor, the excess
damping quality causes a'response that isrproportional to angular
velocity for high frequencies. Indeed, the system seems to inter
pret canal responses as angular velocity. The model assumes, for
each canal, the following transfer function for afferent response

to angular acceleration.

PR, (s) 30s

= \ . S
sy = 7 TES1) (0.0055+D) (30s+L)

torsion pendulum adaptation rate
' sensitivity

(0.01s+1)

‘ FRcs(S) = canal afferent firing rate

w{s) = angular velocity along sensitive axis

(spontaneous firing rate neglected)

The otoliths are modelled as linear accelerometers with an added

rate sensitivity ferm due either to mechanical properties or pos-—

sibly afferent processing. The afferent dynamic response to speci—

fic forece is taken as follows:

FRos(S) 1
“Srgey - (18000 oy ay (s v o) (8t 0oL
rate

accelerometer sensitivity
FRDS(S) = otolith afferent firing rate

8F(s) = specific force along sensitive axis

[ Rp—
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Inputs to the Ormsby model are time histories of specific force
and angular velocity vectors given in head coordinates (§Ehd(t) and
E%d(t))'. The first step in implemeﬁting the model is the transform~
ation of these inputs to sensor coordinate axes. It is then assumed
that these afferent responseslare the signals available %o the human

nervons system processing mechanism. From this point on the model

becomes very phenomenoclogical since we do not yet approach a capability

to deduce central processing alporithms from central nervous system
wiring. It is assumed that central processors do something akin to
a least mean squares error optimization to estimate specific force

and angular veloeity imputs based on afferent output. If the system

‘has no a priori information about input besides an expected magnitude

range and frequency bandwidth (mathematically described as a Markov
process), and also expects a certain amount of measurement noise,
the least mean squared error estimator is a Kalman filter. if input

and measurement noise statistics are time invariant, this reduces to

a steady state Kalman (or Wiener) filter. It is a steady state

Kalman filter that is implemented by the model and tuned to yield

SF_ and w__ estimates to fit available data (the hat above the two
—0s —cs :
terms signifies that they are perceptual estimates and the subscripts
identify them as otolith and canal estimates respectively).

In th case of the canals, the filter is "tumed" so that estimates
of w.g are essentially the same as afferent responses. This reflects

available perceptual and neurophysiological data, and suggests that

little central processing is required. The otolith filters, however,

C RS -
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have a more dramatic effect on specific force estimates in order to
fit perceptual data. This suggests either a significant amount of
central processing or that a term which should be present in the
afferent model is being attributed to the higher centers. The

basic effect of the otolith Kalman estimator is to low pass filter
the afferent signal with a time constant of about 0.7 seconds. The
only difference between utriecle and saccule filters is the gain,
the saccule gain being half that of the utricle.

At this point, the model has penerated estimates of three
specific force components and three angular.velocity components.
The saccule cowponent is transformed by a nonlinear input-output
function, one way to account for observed attitude perception in-
accuracies, and the resulting estimates are transformed back to
head coordinates. These two vectors (éihd(t) and.éhd(t)) must now
be combined to yield an overall estimate of attitude, linear accel-
eration and angular acceleration. |

The basic premise for the next operation is that the system
will depend most heavily on the otolith specific force estimate
for low frequency attitude information, and will look to the canals
to find out about high frequency attitude changes. The following
figure diagrams this logic. Block A computes the rotation rate of

F.Y sl

o : -H
v i i i. 1
§£hd Block D Separateg E%d into parts igr391ng with Yo {called
e ! i
23 > ‘ w - )

g%) and parts contradicting Yor (called —c)' 411 other operations
are clear from the diagram. The output of this system is called

fal .
DOWN and is a vector of lenght 1 g, in the direction of perceived

~ r
vertical. The DOWN vector is the model's prediction of attitude

perception. Linear agceleration perception is assumed to be
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DOWN - SF, ,

Perception of angular velocity parallel to géﬁg is simply the
component of the canal estimate parallel té Qééﬁ. Angular velocity
perpendicular to géﬁy is the derivative of géﬁﬁ_(é) plus the high
pass portion of any canal signal both perpendicular to Qééﬂ and
not present ir é, This is diagrammed in the figure 5, while the
folloying. figure (6) schematically summarizes the entire model.

It should be pointed out that the preceding descriptiun applies
only to the model as used in this analysis. It should also be noted
that the inputs SF and w must act on the body as a whole and derive
from an outside source. Voluntary head movements are likely to
involve corollary discharge of one sort or another, possibly to
vestibular organs themselves, and certainly to central processors

telling them what to expect. This constitutes a different situation.

The model is used in the form of a digital Fortran IV program.

"In the version used here, afferent responses are updated every 0.1

seconds and Kalman filter estimates are updated every second.

4 Model Predictions for the Coordinated Turn

In order to apply the Ormsby model to the coordinated turm, let
us assume that the aircraft roll axis pasées directly through the
origin of the occupant's head axis system. Also assume that the
vehicle and head axes always remain parallel. The first and most
obvious observation is that the canal and otolith responses will be
contradictery, Since specific force remains in the same direction

with respect to the subject, otoliths indicate no change in roll

(I N S
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attitude. Canals, on the other hand, are sensitive to the angular
velocity pro&uced by roll-in. Looking a£ figure 4, it can easily

be seen that the oxzly non-zero signal travels the upper loop through
blocks D, E, and.F. "

A quick idea of.what to expect can be obtained by reducing the
model to blocks E, F, and G »f figure 4. This is shown in figure 7.
Blocks H and I are dropped since they will only come into play if
integration errors accumulate. Over the three seconds of roll-in,
the equation for afferent response to angular acceleration will
yield a response that is roughly proportional to the input. Figure
7, then, leads us to expect a roll attitude perception that looks
very much like the roll rate stimulus profile.

Although the specific force vector has not been rotated, it
has elongated and therefore brings into play the saccule non-
linearity mentioned before. The expected result is an "elevator
illusion" of being tilted backwards. TFigure 8 shows the actual
prediction of the computer model for the roll and pitch attitude
perception during the roll-in phase of the idealized coordinated
turn.

Now we must consider the perception of angular rate. If TL in
figure 5 is 0, it can be seen that roll rate perception is just the

derivative of roll attitude. If, on the other hand, T, is large,

L
figure 5 says the system will “trust'" the canals and will perceive
a roll rate that more nearly follows the roll velocity stimulus.

Note that this roll rate perception will be inconsistent with th%,

" roll attitude perception shown in figure 8. They hypothetical person
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feels a roll rate that is larger-tﬁan the ‘derivative of his attitude
estimate. Contradictory sensations of é similar nature are well
documented for other situations. There is a whole range of possible
responses between the two exampleé given depending on the value of
TL’ and the proper value of TL iz not at all clear. Ormuby made
a claim for a value between 0 and 5 seconds. Figure 9 shows the
model prédictions for angular rate perceptions during roll in using
both Ty, = 0 and T, = 5 secends.

It should be assumed that figures 8 and 9 represent a naive
. subject. A pilot has prior knowledge of the maneuver, having
initiated it, and has usgally experiencéd the profile many times
before. It is possible that his innate feelings are the same as
those of a naive passenger, but are interpreted differently. It is
also conceivable that mental set causes the pilot to experience
sensations that are actually different from those of a naive person.

For example, the pilot may turn up his T_ value (in figure 4) having

T
learned that canal estimates are all he has to go on. If TE is large,
a person will "trust" his canals and in this case will not be far
wrong in estimating roll angle during rell-in. As the turn continues
at constant bank angle, blocks H and I of figure 4, which must now

be considered, will cause attitude perception to graduallj realign
with S8F. The human nervous system is amazingly plastic and the above
is one of many possible conjectures fhat can only be verified experi-

mentally. Such an experiment is beyond the scope of our present

research. TFinally, remember that figures 8 and 9 represent

non~visually induced sensations.
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Although several cautions and uncertainties have been mentioned,
it is highly likely that the grogs predictions of the madel are
correct. Dﬁring a coordinated turn, people will feel only a small

:change in roll attitude compared to their true roll, a roll rate
that may be sqmewhat more pronounced, and a slight pitch back as

. P

gspecific force increases.

Simulation Fidelity Analysis

If we assume that the Ormsby wodel is giving a meaningful estimate ”f
of human perceptions, it should be useful in gauging the effectiveness

of a given simulation. It makes sense to look at some function of the

difference, at each sampling instant, between model outputs for the
real motion and the simulator motion. These outputs are DOWN (atti-
tude perception vector), E%d (angular velocity perception vector),

~ ~ ~

and an acceleration perception vector (A) equal to DOWN - SF. The

e

function shought should be dimensionless and should be proportional

to the cost in "realism'" of any perceptual error. There is currently

e

no data available to indicate the quantitative loss in realism ascribed
by humans to a given difference in perceptions.

It seems logical, therefore, to pick as a cost index the simplest
function that makes intuitive sense. When sensations are clearly supra-

threshold, the most likely candidate is just percent error, the ratio

of perceptual error to the correct quantity. The computer model in ;
the form being used here does not account for perceptual thresholds, : *
and when sensations are in the subthreshold region, the intuitive

sense of the above ratio scheme breaks down. It does not seem very

WY ,_ﬁ"'e - d
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reasonable to assess a heavy penalty te an e.rror when all quantities
are probably below threshold. When the model indications for "correct"
perceptions are subthreshold, it seems more reasonable Lo assess a
large penalty for errors that are large compared-to the threshold

value. Costs for each of the model outputs have been computed as

-follows:
hate) = |, (8) - (6]
M) = |a_(6) ~A_(©)]

Fal
Ay(t) = angle between DOWN  and DOWN
—av ———gV

Subscripts: sv = simulator vehicle; av = aircraft vehicle

_Tllm_gt_)__ for [w (t)l >w
|w (t)l —av . thr
c,(t) = v .
Aw(t) IS
~ for |9av(10| < W
thr
fa(E) for  |a | > A,
Aav(t) av thr
CA(t) =
Ail(t) for ]K i < K
A —av thr
thr
-"-l——,\A (t) for lYavl S
© by, ()] §
C () =
Y ~
A“ = for IYav I < Yehr
Ythr

Subscript: thr perceptual threshold
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The individual cost indices (Cw(t), CACtI; and CY(t)) are simply

weighted and summed to form an overall index.

J(t) = Cw(t) + CA(!:) + CY(t)

No attempt was made here to mathematically minimize J. It is
presentedlﬁnly as a simple index for comparing given simulations
énd, of course, can be used to pick the choice with the lowest
index from among several possibilities.

For the case of the Link simulation, it is fairly easy to see

what will happen once several things are realized. In the Link,

which is capable only of pitch, roll and yaw motion, specific
forece will always line up with gravity except during transient
roll and piteh accelerations (the occupant's head is above the

roll and pitch axes). This is the gituation that the vestibular

system has evolved to handle and will not preduce serious disagree-

ment between the canals and otoliths., The only possible gxception
may occur if a person is subjected to large, sustained yaw rates
creating the possiblitiy of Coriolis illusions, or sustained "bar-
becue spit" type motions causing the otoliths to signal a rotating
specific fofce vector long after canal signals have attenuated to
zero. Barbeque spit motion is not possible in the Link (pitch and

roll are restricted to less than 20 degrees in either directiom)

and yaw will be too slow during the turn maneuver to create Coriolis

problems. Therefore, we expect the Ormsby model to predict roughly

accurate perceptions of roll and pitch attitude and angular rates.
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The next thing to notice is that absolutely nothing can be done
towards creating the model's linear accele;ation perception which is
in the Zpg direction and quite small anyway. This leaves us with the
problem of minimizing the last two terms of J. Let us first consider

only roll motion and momentarily neglect pitch and the component of

W parallel to DOWN. If we do this the equation for J is reduced to

only roll considerations

J' = B _d’av ” (bSV' + B pav - P
'Yl ~ W ~
¢ p

av

~

$ = roll perception; p = roll rate perception
The first term can be zeroed approximately by following the figure
8 $av profile with the Link trainer.
Remember that in the Link trainer as opposed to the aircraft,
roll rate seﬁsatién will be the derivative of roll attitude sensation
regardless of Ty,

n dé_ (t)
o _ () = —

=3
v dt

If'TL = (0, this equation holds for the aircraft also, and both terms

in the equation for J' have been zeroed. Both Py and Py will follow

the open cirdles in figure 9. If TL = 5 seconds, Py is represented

. ~
by the solid circles in figure 9 while Pey follows the open circles.

) PS
Since ¢5v is the integral of ¢sv’ it can easily be seen that with

Bw/ﬁY = 1 any change in simulator motion decreasing the second term

SRS U S P
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of this equation will quickly be 6verba1anced by an increase.in the
first. Unless Bw/BY is muﬁh greater thap 1, J' is minimized for this
case by remaining faithful to roll attitude perception. There is no
reason to believe that angular rate perception should %e weighted more
heavily than attitude perception. Although this is all somewhat hypo-
thetical, the conelusion is that the most likely candidate for
"optimal simulation" will recreate roll attitude perception.

If we now consider pitech motion, the same argument will lead to
the conclusion that pitch attitude perception should be duplicated
at the expense, if necessary, of pitch rate perception. A good first
try at duplicating pitgh attitude perception is to follow, with Link
motion, the figure 8 pitch curve to its.maximum, sustain that value
through the constant phase of the.turn, then pitch—out with a mirror
image of pitch-in.

We have so far considered everything except angular rate perception
about 24" This can be closely duplicafed by adjusting Link yaw velo-

city to produce a 2z component equal to that in the aircraft. in

hd

other words, this should satisfy

r cos =n
¥ Yoy

COosS
5V YUV

av

cos Y
r =p —2
sV av e
Ysv
Y ey = total angle between simulator zv axis and vertical
. ) 2
Y... & total angle between aircraft zv axis and vertical

av

.

I
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Figure 10 shows a coordinated turn éimulqtioﬁ profile for the
Link trainer based on the above arguments. Model predictions for
motion perception during these profile are shown in figures 11 and
L= 5) are
superimposed. According to the model, proper attitude perception
has been virtualiy duplicated although there has been some expense
to.pitch and roll angular rate perceptiomn as anticipated. Tigure
13 shows the results of cost index calculations for the simulation
of figure 10. Weighting factors have been taker as 1, and T, has
been éaken as 5 seconds. Figure 14 shows the case of zero TL.

When flown with its own "factory" logic, the Lifk GAT-1 trainer
employs a proportional roll and over a certain range, maintains
r;ughly 1/6 of the iﬁaginary aircraft roll angle. When a motion

history based on this logic is input to the fidelity index program,

the results are as shown in figure 15.

6 Use of Circularvection Display

The modified Link trainer is outfitted with a visual display

system capable of projecting moving horizontal stripes on the

L

the model predicts an angular roll veloci*y sensation, during

transiucent cockpit side windows. When T. is greater than zero,

coordinated turn roll-in and roll-out, that simply cannot be gepn-
erated by Link trainer motion without producing a grossly incorrect
attitude perception. Perhaps, this "missing"” velocity sensation

or some part of it, could be produced visually.

T
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roll orientation perception during
@——0 ideglized aircraft turn
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Figure 1k Pitch and roll rate perceptions during a simulation of the idealized coordinated turn.
and the simulation profile is shown in figure 10

{Thie idealized turn profile is shown in figure 1 °
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turn profile is shown in Figure 1 2znd the simulation profile is shown in Figure 10

L el s

: o IR . . e L . .,
&kﬂiﬁf.«hf,u.“.«_“. . o s . Y

GE



36

CosT

total cost (J)

o
% A . acceleration perception cost (c,)
J angular velocity perception cost (Cm)
QO attitude perception cost (CY)
— .
a$\\\\°
. Q.
\\\\\\ T
. ° o
\\\\\.///// \\\“0\\\\\
a
° : H‘“‘“°-H‘HH° Figure 13  Cost computation
. for simulation profile shown
in Figure -10 assuming
T, = 5.0.
L
/D
a \\\\\
oo O
i T~q
W] \\\“C
: _ 0
A Ck\\\\ _ 'a/”}o-‘—ﬁhc}**-C%—ﬂ——O-“"O"——*‘o—"——JD
ra 1 1 1 W T —e, 1 ] i %’_ ;o
t (sec)

po——
1 2 3 4 5 6 - 7 8 g 10

REPRODUCIBILITY OF THE

I i S o R s P e -
v % ) LTy T e A W

ORIGINAL PAGE I8 Ponn



COSIA ‘ » ‘ total cost £J)

- o . "
2 acceleration perception tost (FIA)

angular velocity perception cost (C m)

oo » e

attitude perception cost (Cy)

§
o, .
0\\
B N
S N SN WS SN S W
_1

R = N 9
Or‘v’/ \Q’b‘a_‘ﬂ?\m OO0 .
0

|

1
1 2 -3 4 5 4 7 8 9 10 t(sec)

Figure 14 Cost computation for simulation profile shown in Figure 10 assuming

TL=0.

L€



38 ' . *

A '
€OST o ’
. "-——.,’ -
‘ \‘“ﬂ-.\___ﬂ\ © iotal cost (J) o
]
‘. "\.“-; H
3 — » A acceleration perception : f
cost (Cy)
[} angular velocity perception .
: ‘ cost (C ) ¢
; ° O atritude perception cost
. (c 2
; A Y
2 . o ”
O OO0 OO0 |
j; 3
! of . A
f-—-——A A g p—m— AP h——A——A . -
= TB—n
—0
{ H“-D )
4
L i 2 vl L L £ e b‘
3 4 5 6 7 8 9 10 t(sec)
1
Figure 15. <Cost computation for simulation profile based on ' ]
proportional roll stragegy.
.‘




g

39

The Link stripes can be made to moVe-up on one window and down
on the other producing an optokinetic roll display. It has been
shoén that this display can pr;ducé the paradoxical illusion of
constant roll velocity apd a constant tilt with respect to the
vertical, . When the tilt illusion (using the same Link trainer and
a similar visual display) was measﬁred in previous work, it was
found that subjects instructed to maintain an upright orientation

tilted themselves an average of 8.5 degrees in the direction of

_stripe motion. Stripe speed was varied between 14 and 26 degrees

per second and tilt reached steady state after an average of 17
seconds, Onset time for the conmstant roll velocity sensation was
not measured.

For the coordinated turn simulation under discussion, the most
logical display strategy is a stripe roll velocity profile that is
proportional to the roll velocity profile of the actual turn (see
figure 1). This may enhance the roll velocity sensation produced
by onset of Link roll thereby bringing the roll rate perception

closer to that of figure 9 (for T = 5). Previous work suggests

that attitude perception will possibly be affected; however the true

attitude profile can always be appropriately adjusted. The most
serious problem here is that of onset time. Circularvection takes
anywhere from 3 to 10 seconds to onset, and the roll into the

idealized cecordinated turn takes only 3 seconds.
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7 Experimental Procedures

Three different types of experiments were run to test this theory.
These are briefly described below: ,
Experiment 1l:, Roll rate calibration

This experiment was designed to obtain subjective magnitude

* estimates of angular roll velocity during a standard type of stimulus

in the Link trainer, The standard stimulus was a series of constant
velocity rolls with a four second pause between each one. There were
1o yaw or pitch motions during this experiment, but there were three
different types of visual stimulation. The projected stripes were
either stationary on the cockpit side windows, -rolled (moved up one
side and down the other) atr a constant rate, or rolled at a rate pro-—
portional to the roll velocity of the Link trainer. The latter was
achieved by using the roll tachometer feedback as a command signal
to the film drive. There are two possible choices of sign for the
proportional stripe motion. Stripe motion can be opposite that of
the Link {counterrolling stripes) or can be the same as that of the
Link. Both strategies were used in this experiment. Counterrolling
stripes provide a motion cue that is entirely consistent with actual
motion, while stripes rolling in the same direction as the Link pro-
vide a cue that is contradictory.

Thie subjects used a voltmeter display connected to a hand grip
to indicate their perceptions of roll rate. Subjects were familiarized
with this instrument by means of a series of modulus stimuli. The

modulus was repeated at the beginning of each rum.

-

i 2




41

Subjects were given the following set of instructions:

"Use the head rest as a support or 'aid to keep your
head stationary with respect to the cockpit. Keep
your gaze on the meter. The meter needle can be
moved by rolling the hand grip and will maintain a
position proportiomal to the hand grip roll angle.
When the experiment begins, concenirate on your
sensation of roll rate or veloeity. You will be
given a motion called the modulus and your maximum
sensation of roll rate during this motion should
correspond to 5 on the meter. Subsequent motions
should be rated proportionately; for example, a
roll rate that feels twice as fast as the modulus
should be a 10 on the meter. The modulus will be
administered 8 times initially and then 4 times
before every run. During each run, attempt to
continuously track your roll rate with the meter
needle. The first two runs will be practice. You
will be asked to switech off your earphones at the
start of each run. The experimenter will still be
able to hear you, so if your hand slips or you make
an inveoluntary indication for some other reason,
simply report the mistake verbally. The green sig-
nal light will indicate that the run is over and
you may stop tracking and turn on your head set.
Remember to concentrate on your innate feeling of
roll velocity and do not attempt to outguess the
experiment. Indicate any roll rate sensation you
feel even if you can logically deduce that the
feeling is illusory."

Teedback from the Link reil and pitch position potentiometers,
Link roll and yaw tachometers, stripe speed tachometer, and the hand

grip roll position potentiometer (indicating meter needle position)

were recorded on digital tape. All outputs except pitch posi-i-mn

and yaw rate were also recorded on the four channel strip chart.
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Experiment 2: Roll rate estimation during turn simulation

Experiment 2 was an attempt to obtain roll rate magnitude
estimates during the three possible coordinated turn profiles. One
profile is that developed in the previous section and will be referred
to as SIML. Another simply multiplies the SIML profile by a factor of
2 and will be calied SIM2. The third profile, SIM3, is the proportiomnal
roll strategy that would be followed if the Link were using its own
analog logic cards to simulate the motion history of figure 1. The
SIML and SIM2 motion profiles were combind with stationary stripes (8S),
stripes following the aircraft profile of figure 1 (8Al), stripes fol-
lowing the aircraft profile of figure 1 times a factor of 4 (SA4).

The modulus routines were administered twice before each session
and once before every experimental run. Instructions to the subject

were the same as those given in experiment 1,

Experiment 3: Vertical tracking task

Experiment 3 was designed to obtain subjective estiméies of
spatial orientation during coordinated turn simulations and during
stanaardized piteh and roll stimuli. The simulation profiles used
were the same as those used in Experiment 2 except that only the 85
and S5A4 stripe motions were used. The standardized pitch and roll
stimuli were taken from the calibratiomn routiues and presented one

third administered on the roll axis alone, one third on the pitch

axis alone, and one third on the pitch and roll axes simultaneously.

RFPRODUCIBILILY OF THR
ORIGINAL PACH I POOR
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The hand grip indicator was outfitted with a pointer and the

face of the meter was covered. The subjects were given the following

snstructions:

"Use the head rest as a support or guide to keep your
head stationary in the cockpit., Keep your gaze near
the top of the pointer. During each run, keep the
pointer aligrned with what you perceive as the wvertical
with respect to the room. You will “e asked to switch
off your earphones at the start of each run. The
experimenter will still be able to hear you, so if

yvour hand slips or you make an involuntary indication
for some other reason, simply report the mistake ver-
bally. The green signal light will indicate that the
run is over and you may stop tracking and switch your

earphones on. Remewber to concentrate on your per-—
ception of vertical and continuously track this
direction with the pointer. Do not try to outguess
the experiment and indicate your feeling of vertical
even if you can logically deduce that it must be
incorrect".

Feedback from the Link roll and pitch potentiometers, the

tachometer, and the handgrip position potentiometers were recorded

on data tape.

Hand grip outputs and the two Link position outputs

were also recorded on the four chamnel strip chart.

Subjects

Four naive subjects (non-pilots)} and one pilot went through all

three experiments. Twelve subjects in all participated, but only

these five underwent the entire series of experiments.

Two pilots were asked to rate seven turn simulations on the basis

of realism.

The pilots were presented with seven different simulations

consisting of combinations used and order presented as shown in figure

16. It was suggested that they imagine themselves as copilot or a
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LINK MOTION

SUBJECT RUN STRIPE MOTION
PROFILE PROFILE

10p 1 S1M2. 58
2 SIML SAl
3 SIM3 55
4 SIM2 SA4
5 SIML 88
6 SIM2 SA1
7 SIML SA4

1ip 1 Sl 58
2 S5IM3 88
3 SIM 2 SA4
4 SIM1 SA1
5 SIM1 SA4
6 SIM2 Sal
7 STM2 88

Figure 16 Simulation profiles and order of presentation for

pilot fidelity ratings.
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passenger in a small aircraft, during zero.visibility conditions.

The series of seven runs was presented twice. The first time,
the subject was instructed to simply concenkrate on his sensations
as comparéed with those he would expect in a %eal aireraft. During
the second presentation which followed the same order as the first,
the subject was told to mark his rating for each run on the form
shown in Figure 17.

Each line of the form has 10 bins vepresenting incre-sing
“realism" from left to right. An indication at the far left means
"not at all realistic" while an indication at the far right means
"extremely realistic'". Subjects were told to place an x in the
appropriate bin after each run using a new line each time.

The two subjects who participated in this phase of the study
were (1) a single engine, commercial instrument rating pilot with

500 hours experience; and (2) a pilot with a multiengine rating and

" over 1000 hours as an airforce instructor.

8 Tabulation of Data and Statistical Analysis

Expe—~iment 1: Roll rate calibration

Experiment 1 required subjects to track their roll rate sen~
sation during a series of constant velocity rolls plus a low level of
random noise., Between runs subjects were given several 5%/sec roll
stimuli (the modulus) and were told that this corresponded toc a 5 on

the response scale. During runs, subjects were instructed to use a
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Realism

not at all . _ ) highly
realistic J reﬁlistic

R R R I NSNS PUUNN N N

S

o)

R T R T D T e I e

Figure 17 Simulation rating form
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meter needle (controlled by a moving hand grip device) to continuously
indicate their sensations proportional to the modulus. The stripe
display was stationary during some runs (8S), moved at different
constant velocities during other runs (SC), and moved with roll

rates proportional to the Link roll rate during some runs (SP).

Figure 18 shows a typical continuous strip chart recording of
a run from Experiment 1. The firsf step in data reduction was to
find the peak roll rate stimulus and peak response indication for _
each stimulus period. A stimulus period was taken as the time from
A the onset of a link roll movement command to the onset of the next
movement command,

Stimulus and responée peaks were computed directly ‘rom the
data tape by a PDP-8 program. In order to eliminate unwanted spikes,
the computer algorithm defin~s a peak as the maximum value remaining
equal to or less than the signal for loﬁger than 0.2 seconds. The
computer identifies peak absolute values du: 21g each stimulus period
but outputs the values with their proper signs. Stimulus peaks are
computed from the Link tachometer signal, and response peaks from the
hand grip roll poﬁentiometer signal.

If each stimulus response pair is considered a data point, each
subject contributed 31 data points in the stationary stripe category,
7-8 data points for each of the gains used in the proportional stripe
motion category, and 7-8 data points for each value of constant stripe
motiqn. The latter case must be lLroken down further, since during a
given run, some Link motiomns were in the same direction as the stripe

motion and some were in the opposite direction. Thus within each

constant stripe motion category, 3~4 data points represent contradictory
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motion cues. The specific numbers vary slightly because two of the

motion profiles have uneven numbers of left and right rolls.

Data points were deleted only when the subject verbally indicated
a slip of the hand or some similar error during the stimulus. There
were only two such data points in all ;f Exﬁeriment 1.

In the stationary stripe category, there was a very strong cor-
relation between s;imulus and responge points for all subjeects. Cor-
relation coefficients range from (.96 to 0.98. Transformation of one
or both variables with a log operator results in lower correlation,
and linear regressions in all cases are significant at o = 0.001,

When response is taken as the dependent variable, the model is

RESP = BO + Bl(STIM)

The estimate ceomputed from the data is

RESP = bo + bl(STIM)

where RESP is peak subjective angular rate indication during a stimulus
pericd, and STIM is peak Link roll rate during the same period.
At a criterion level, o = 0.01, bl is not significantly different

from 1.0 for any of the subjects nor is b, significantly different

0
from zero. At the less stringent level of oo = 0.1, one subject shows

a significant intercept and two other subjects show slopes significantly

different from 1. The statistic used to test the coefficient bl is

- o 1/2
ty = (b = /(b))

aud the test statistic for the intercept is
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b o 3312
ty = byl (Vo)™

The mean value (% standard deviation) for b, across subjects is

1

0.96 * 0.056. Tor bG’ the mean value is 0.21 % 0.23. Mean variance

of “the estimate is 1.29 % 0.44, '

A similar fegression analysis was performed on the proportional
stipe motion (SP) runs., During SP runs, stripnos move at rates
proportional fto Link roll rate with proportionality constants of
1, 2, 4, -1, and -4 (abbreviated SP1l, SP2, SP4, -SPl, and -5P4).

The sign of the gain refers to the direction of the visual motion cue
with respect to Link motion. Positive gains indicate stripes pro-
viding a motion cue of the same direction as Link motion, while
negative gains cause cues opposite to trﬁe roll direction. SPL
jmplies stripes that remain stationéry in inertial space.

Figure 19 shows a typical SP run. Out of a total of 30 such
runs, only 5 show regression slopes that differ significantly from
the 55 case tor that subject at the « =.0.05 level. Of these 5,
three cases have greater slopes and two have smaller slopes than in
the 85 case. Furthermore, there is no discernable pattern relating
slope to proportional stripe gain, This is demonstrated in figure
20.

Since stimuli of both signs (directions) are involved, any
relation between intercépt and proportional stripe gain would indi-

cate some sort of visual, directional bias. Figure 20 shows no ob-

vious intercept-gain relation. Figure 20 also contains a plot of

s
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-

Yyariance of the estimate" for each regression line against
proportional stripe gain. Once again, there is no clear
reldtion with stripe gain, although six of the individual
points differ significantly from the SS case at the o = 0.05
level.

The above comparisons between proportional and sta—
tionary stripe cases contain the underlying assumption that
SP cases, as well as 58 cases, can be modelled by the equation

given before. As mentioned earlier, some residual plots show

a slight tendency {»r repsonses to have zreater magnitude than

the regression estimates over low stimulus magnitudes, The
same tendency sometimes appears in SP runs, and is, perhaps,
more pronounced. An attempt was made to test for this with-
out having to propose a specific model for SP. The appropriate
technique is to test for differences in mean responscs over

the Gifferent conditions at a particular value of the stimulus.
Because of the random moise input, tbere is never more than
one sample at any precise stimulus valué, so a small s .imulus
interval must be used instead. An interval of 1 deg/sec was
chosen as the smallest value that can be fiiled with ~uough
samples and the largest wvalue that is still well bhelow the
resolution of the response data (standard error the estimate
was typically just over 1.0 on the SS regressions). Even so0,

the only way to obtain enough samples is to rectify the data
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and then either ﬁool different SP gains withiﬁ subjects or pool
all the subjects. In order to minimize subject-and sign (direc-
tion) effects, respoﬁse data points for each subject were trans-—
formed by the 88 case, stimulus dependent repgression. When
stimulus is taken as the dependent wvariable, the repression is

a least squares estimate of the stimulus, given t'c¢ response
valve. By employing this estima*e, each response, for all
stripe motion cases, can be transformed into the stimulus value
most likely to have produced the response had the stripes been
étationary. The effect of this is to remove any directional
bias or non-unity gain characteristics of a particular subject.
In other words, the staticmary stripe regressions werc used

as calibration curves. Figure 21 shows a plot of stimulus
versus transformed response for one subject during SPl, SP2 and
SP4 runs. Note that the SS regression line is represented by

a line of unity slope passing through the origin (the solid line
in the figure). The dotted line forms a 90% confidence interval
taken from the original S5 curve. The particular stimulus bin
chosen was the interval from 2 to 3 deg/sec. This interval con-
tains the largest sample density across the population and is
near the region where the phenomenon in question is observed.

The cewc statistic is

3

o e
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Figure 21  STIM versus RESP' for SP1, SP2, and SP4 data points, subject 9.
RESP' is peak, subjective, roll rate estimate transformed by the
stationary siripe calibration repressions. The stationary stripe
regression: line is represented by STIM = RESP',
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to = (RESP' /2

1
T +

where sp is the pooled +ariance, n is sample size and RESP' is
the mean transformed, rectified response. The null hypothesis is

JATERT - wEamt
Hy:TESP' o, = RESP' oo

The test was tried in two ways. Each subject was tested indi-
vidually by pooling SPl, SP2, and SP3. Each of the preceding
stripe motion categories tSPl, SP2, and SP3) was tested indi-
vidually by pooling all subjects. TUse of pooled variance implies
that the true variances of the underlying distributions are
equal. A test for difference in variance.is insignificant on
all cases at the o = 0.1 level.

Only one subject showed a significant difference, at the
o = 0.1 level, between S8 and 5P stripe motions. When subjects

are pooled, RESP' is greater than RESP'

SP4 at a significance

-¥

58
level of a = 0.025. SP1l and SP2 categories show longer mean
responses than 55 although not significantly so, even at the
o= 0.1 level.

Tvaluation of the ?onstant stripe motion (SC) data was

seriously hampered by the small number of available data points

in' each category. TFigure 22 shows a typical SC run. Regression

e,
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lines, in many inétances have no statistical éignificance,

and those that do pass a statistical test must still be viewed
with an understanding that they depend on only four data points.
The constanf stripe mot fon was always to the vight with respect

to the Link cockpit, so Link rolls to the left (negative stimulus

values) provide complementary vestibular and visual cues, while
rolls to the right (positive stimulus values) presented contra-
dictory vestibular cues. The word "complemertary” is used to

indicate that visual motion cues are in the same direction as

actual Link motion, "contradictory" implies the opposite. Posi-
tive and negative (right and left) stimulus values were therefore E
worked up as separate regressions. Intercept, slope and variance ,§"'
of the estimate vulues are presented in Figure 23 only for. those
regressions showing statistical significance. (Mumbers following
the "SC" abbreviation refer to the constant stripe velocity in

degrees per second.)

The figure does show a tendency towards lower (more nega- g'
tive) intercept values during "complementary' constant stripe »
E
motion and during 40 deg/sec "contradictory' constant stripe |
motion than in the SS case. The magnitudes involved are on the
g

order of 1 deg/sec which is rather small. Slopes tend to be

smaller in all three complementary SC categories than in SS.

REPRODUCIBILITY OF rHL
ORIGINAL PAGE I8 POOR
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Figure 23, Slope intercept and variance for constant velocity (SC)

and stationary stripe (SS) regressions. Peak response is the dependent
variable. '"Complementary refers to data points during left Link rolls
consistent in direction with the visual cue. "Contradictory" refers

to right roll data points, contradicted by the visual cue.
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Slopes are smaller than SS in the contradictory 10 deg/sec
and 20 deg/sec stripe categories, but tend:to be larger in

the contradictory 40 deg/sec case. TFor S5C10 and SC27,

differences from S5 can be explained by the small non-linear

trend discussed earlier in terms of residual plots. 1t can
be expected to show up in the SC regressions since each
includes stimulus vdlues on only one side of the origin,
The 8C40 data, on the other hand, may show a real response
bias caused by the stripes, especially at low stimulus
values. TIn order to check this without the linearity
assumptions implied by the regression anélysis, the 5C
data was transformed amd tested under the same procedures
described for the SP data. The only difference was that
individual subjects could not be tested. Only by pooling
subjects are enough data points available. The results
show larger RESP'SC than RESP'SS, but differences are

not significant for either the individual stripe speeds or

vhen all speeds are pooled.
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-

~
Experiment 2: Roll rate estimation during turn simulation
During experiment 2, subjects performed the same roll rate
estimation task as in experiment 1, but the stimulus profiles included
three variations of a coordinated turn simulation in combination with
thrée different moving stripe profiles. One simulation profile is
the profile found to produce nearly thg same model estimate of attitude

perception as the ildealized aircraft turn, and is abbreviated SIM1.

[
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SIMZ has a roll profile proportional to SIM 1 but with twice the magni-
tude, and the profile abbreviated SIM3 has a roll profile proportional
to aircraft roll (proportionality constant =‘1/6).‘ The three sfripe
display conditions are stationary stripes (S8), and stripe roll rates
proportional to true aircraft roll rate (SA). Proportionality constants
of 1 (8Al) and 4 (SA4) were used. Two calibration runs (CAL) with
stripes statiomary were : 'so administered during the course of each
experiment 2 session.

Figures 24 and 25 show two typical responses to SIML. WNote that
in the former, the subject has responded to all the stimuli, while in
the latter, there is a response only to the two rolls away from zero
(the first and third roll motions). TFigures 26 and 27 show responses
to SIM2 and SIM3 respectively. |

The missed responses observed in figure 25 are of interest because
they were not anticipated. For tabulation purposes, a missed response '
was defined to be a response to stimulus period 2 or 4 (STIM2 or STIM4)
(STIML and STIM3 were never 'missed") either less than 10% of that sub-~
ject's average STIML and STIM3 response magnitude or of a sign opposite
to the stimulus. The latter condition usually indicates that the res-
ponse.from STIM1 did not quite rcturn to zero by the time STIM2 began.
The total miss ratio (number of misses divided by number of possible
responses) over all subjects and stripe profiles is just over 2/3.

Note that if a subject were responding to the visual cue as opposed
to vestibular or tactile cues, the Figure 25 response profile would

be expected during SAl and SA4 runs.
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A contingency table was set up for 5IM2 and SIM4 responses with
two columns, "responded" and "missed"; and three rows, SS, SAl and
SA4, Data for the table was pooled from all subjects. A X2 test
indicates that the null hypothesis of independence between columns

: - and rows cannot be rejected. Therefore, although a slightly higher
miss rate wag recorded during the moving stripe runs, the optokinetic
stimulus had no statistically significant effect-on the phenomoneon.

During SIM2 runs, misses. of STIM2 and STIM4 were not as frequent
but still occurred. The total miss rate is 1/3 as opposed to 2/3 for
SIM1. A xz contingency test is significant at the o = 0.1 level,
but not if a more stringent criterion is used. SA stripe profiles
may contribute to missed responses during'SIMQ TUns; ﬁowcver, the
low significance of the results coupled with the lack of significance
for the same tests in the SIMI' case, suggests that a cautious inter—
pretation is appropriate.

STIM1 and STIM3 response magnitudes show no statistical relation
to the stripe motion profile for either SIM1 or SIM2. During SIMIL
runs, these responses did tend to be slightly larger than predicted
on the basis of S8 calibration rums. The effect is significant at

o — —the 0= 0.05 level for three of the subjects. The two calibration
runs during the experiment 2 sessions are not sigpificantly different

from those obtained during experiment 1 for any of the subjects.
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Experiment 3: Vertical tracking task

Experiment 3 employed both the calibration (CAL) and turn
gimulation (SIM1, SIM2, and SIM3) profiles, but the subjective task
was to continuously estimate earth vertical, not roll velocity as in
experiments 1 and 2, Subjects attempted to align a pointer, mounted
on the hand grip indicator with their estimate of earth vertical.

Figure 28 is a typical strip chart recording made during « CAL
profile run in experiment 3. Note that the quantities output on the
chart are slightly different from those shown in experiments 1 and 2.
The first channel still carries thé Link roll position, but channel
2 is now scaled to indicate hand grip roll angle instead of meter
divisions. Channels 3 and 4 contain Link and hand grip pitch position,
while the Link roll and film strip tachometer signals are no longer
displayed at all.

‘Having to track both a roll and a pitch motion simultaneously
does not seem to hamper accuracy significantly during this experiment,
although it does cause slightly slower responses. There does not seem
to be any trend among subjects regarding differences between pitch and
roll response. Some subjects gshow a more accurate response to voll
stim;li while others show a more accurate pitch response (lower RMS
percent error). This is a little bit surprising considering that
subjects must rely to some extent on depth perception to gauge the
pitch position of the hand grip pointer. It was, thus, expected that
pitch judgements would be consistently less accurate. Three subjects

tended to overestimate and indicate larger pitch and roll deviations
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than the true stimuii, while one sthect tended to overestimate pitch
changes and underestimate roll changes, and another to underestimate
the change in both rell and pitch angle.

Figures 29 and 30 show two strip chart recofdings of a SIM1 run.
Figure /- is typical of most subjects in that first and third roll
motions are clearly indicated, while second and fourth barely receive
any indication at all. The phenomenon is essentially the same as that
discussed before, except that the perception of roll attitude instead

of roll rate is involved.
Pilot rating of simulations

Seven different combinations of simulation motion profiles and
stripe display profiles were presented to two pilots for evaluations as
turn simulations (see TFigure 16). Table 1 shows'the ratings assigned
each simulation profile by the two pilots. Markings on the rating forms
were scored by assigning numbers 1 through 10 to the bins from left to
right. A "10" indicates that the simulation felt very realistic, while
a "1" indicates that it did not feel at all realistic. Both pilots
preferred the SIM1 profile (the profile shown by the Ormsby model to
cloéely match the attitude sensations in a real aircraft) over the
other two choices. There is some conflict between the two pilots con-
cerning the stripe profile preferred, and, in fact, neither pilet is
very self-consistent in this aspect. The ratings suggest that the
motion profiles were more important to the pilets than the stripe cue,
although one of the pilots did comment afterwards that he preferred the

"slow stripes”" (8Al).
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MOTION PROFILE STRIPE PROFILE PILOT RATING
: SUBJECT SUBJECT
10 11
p P
é STML SS 6 8
SAl 5 9
i
: SA4 G 8
51M2 88 3 7
SAl 4 6
SA4 2 8
SIM3 88 3 3
Table 1  Pilot ratings of simulation profiles. "10" is the highest
“"realism" rating (extremely realistic) and "1" is the
lowest (not at all realistic).
- - y
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SIM3, the proportional roll strategy,'received a relatively
low rating from both pilots. In this profile, a roll angle is
maintained throughout the body of the turn. Onc pilot commented
that he felt a "side force" during this run, and the other said
that the maneuver felt like a "slipping spiral'. Comments from
both pilots about SIM1 and SIM2 emphasized that the motions were
too "jerky', "mechanical", "bumpy" or "abrupt'. There are two
factors besides the simulation strategy that probably contribute
to this. Pitch and roll motion in our Link trainer is charac-—
terized by a certain bumpiness that is a combination of mechanical
vib;ations and position ponteﬁtiometers that have a téndency to
become dirty and a bit noisy. The coordinated turn profile being
simulated is an unusually mechanical maneuver itself. Roll in and
roll out of this idealized turm are far more abrupt then a turn

initiated by a real pilot. It is not surprising for this to be

-reflected by the simulations.

9 Discussion of results

Gencral observations on roll rate magnitude estimation task.

During a series of constant velocity rolls between 1 and 10
degrees per sccond, between 2.5 and 14 degree excursion, and in the
presence of a superimposed low level noise (t1 deg/sec), subjects are
able to produce continuous magnitude estimates, the peaks of which

correlate very highly with stimulus velocities. Imput-output functions

gV
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appear to be linear relatlons, in most cases not significantly differert

from

RESP = Bl(STIM)

By setting a 5 response equal to 5 deg/sec as a modulus for this
experiment, Bl was éffectively set to 1. Accuracy of the subjective
data, defined by a 90% confidence interval, is about * 2 deg/sec.

The proportional relaticnship above is somewhat surprising since
psychological scaling laws are commonly log funcfions or power laws.
The data may represent a small segment of a much larger log or power
curve, or may be a reflection of the response scule and modulus em—
ployed. Psychological estimates are very senéitive to the precise
layout of the response task. The modulus was defined midway along
both the response scale and stimulus range, and stimuli were distri-
buted over a range that corresponded closely to the range of numbers
on the response scale. If subjects simply tend to use the entire
response range available to them, a linear function would be the
result. Whatever the reason, the proporticnal response functién is
very convenient and useful as a calibration device. It is important
to note that the modulus was repeated several times before every run
during the roll rate magnitude estimation experiments.

There is evidence of a slight breakdown of the linear response
at low stimulus values for two subjects. It seems reasonable to
assume that the response magnitude will tend to level off as stimulus
threshold is approached, but this work did not attempt to carefully

investigate threshold phenomena.
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General observations on two—axis vertical tracking
There is considerable variance among subjects in the gain

with which they estimate their orientation using the continuous
vertical tracking task. Tor excursions ranging from 2.5 to 14 degrees,
some subjects consistently overestimated their roll and pitch angles,
in one case by as much as 100%, while others consistently underestimated
these angles. Subjects are quite self-consistent, however, and within
subjects, changes in indicated orientation angles correlate highly
with true attitude changes. Simultaneously tracking different pro-
files on the pitch and roll axes {as opposed to motion in only one axis)
does not significantly affect performance during the relatively simple
low frequency stimuli used in experiment 3. As seen in figure 29, the
response follows the shape of the prafile rather faithfully. The lag
factor (time for the response to reach a value equal to the stimulus
voiocity minus the time for the stimulus to reach that value) ranged
from roughly 1 to 2 seconds and is not significantly dependent on
stimulus velocity. With system dynamics as predicted by the Ormsby
model, the lag factor is several tenths of a second. This implies that
there is a 1 to 2 second response lag inherent in the task. It must
be assumad that mest of this delay is not due to the perceptual
mechanism but to transferral of perceptions to the appropriate response.

The overall implication is that the two dimensional tracking

task is a very useful tool for obtaining attitude pérception infor-

mation so long as the frequency range of interest is low. For %pstance,
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if the response task is modelled as a tramsport lag of 1 second plus-
a first order dynémic lag with a time constant.of 0.55 seconds, the
resulting lag factor is 1.5 seconds for a stimulus like the standard-
ized rolls and pitcheé of experiment 3. Other combinations of trans-
port delay aﬁd dynamic lag would also be consistent with the data, but

any reasonzble combination leads to an effective bandwidth of under

- 0.25 Hz after which the subject could not be expected to track effect-

ively. It would be useful to try the vertical trac!.ng task over a

range of higher frequencies than those used to verify this.
Optokinetic display and visual effects

The moving stripe display had little if any effect on either
roll orientation or roll velocity estimatés during the experiments
described before, with two possible exceptions. When data from all
subjects is pooled, roll rate magnitude estimates during 2 - 3 degree
per second stimuli in experiment 1 show a mean that is 0.82 degrees
per second higher for SP4 stripe motion than for stationary stripes.
SP4 means that the horizontal stripes "“rolled" on the cockpit side
windows at a rate four times the cockpit roll rate and in a direction
opposite to the cockpit, thus providing a visual cue consistent in
direction with true cockpit motion. Although the effect is significant,
it is very small and represents a bias that is below the standard
deviation of the responses. Proportional stripe motion with smaller
gains produced no such effect. It might be interesting to try the ,

same profiles using still higher stripe gains.
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In the case of the simulation profiles, i-1e of which employed
roll velocities of the same magnitude involved in the above discussion,
the stripes had no effect on response magnitude. They may, however,
have contributéd to the frequent failure of subjects to detect two of

the stimuli during SIM2 (turn simulation with a roll profile propor- Co

tional to that predicted as optimum by the Ormsby model, but twice p
the magnitude). The result does make sense because during the two

stimuli in questio:m, the optokinetic cue contradicts cockpit roll

“direction; but the significance of the result is very low. The

effect cannot be demonstrated at all for SIMI (turn profile as

predicted by the Ormsby model) perhaps because the detection failure
occurred so often even without the stripes. The lack of dramatic
stripe effects on response magnitudes, while disappointing, is not

at all surprising. Most studies have shown that any sort of vection
illusion‘takes at least 5 to 10 scconds to build and most of the
stripe rotation periods of these experiments are of shorter duration.

In the case of circularvection about a vertical axis, there is

evidence that a complementary yaw motion reduces circularvection onset
time and it was hoped ﬁhat this would be the case for horizontal
circularvection also. However, roll and piteh rotations bfing the
otoliths as well as the canals into play, creating a somewhat different
situation. Because of the otoliths, the vestibular system has a much
stroﬁger low frequency contribution to pitch and roll orientation per-
cebtion than is the case for yaw. It is very difficult to completely

disorient a person with respect to vertical in a normal 1 g environment.
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An unintentional, but unavoidable, factor introduced by having an
illuminated cockpit is the visual frame effect. It has been shown that
some people have a very strong tendency to align their perceived vertical
with any reference frame visible in their environment. The differences
in our experiment are that the subject is rotated along with the frame
(the cockpit) and the cockpit does not provide such a readily definable
frame as was used in these perception experiments.

If the frame effect were to manifest itself during the Link experi-
ment, it would be expected to attenuate responses by encouraging the
subjects to keep the hand grip aligned with the cockpit vertical. Al-
fhough one subject did consistently underestimate orientation angles,
other subjécts consistently overestimated them and there was no way to
tell whether the frame effcct played a part. It was definitely exhibited
by ecne phenomenon which docs not show up in the data tabulation. Often
during experiment 3, when the experimenter flashed rhe signal light
indicating the end of a run, a roll or pitch indication that had been
sittiné 3 or 4 degrees off vertical would suddenly snap back. Subjects
realized that at the finish of a run, the cockpit was probably level
and they took the opportunity to realign their indication using the
cockpit as a reference.

No extenmsive attempt was made to eliminate cockpit reference frames.
They are certainly present in the real -aircraft and simulator cockpits
towards wbich the results of this work are aimed, and it was felt that
any such effects might as well be included in the data.

The fact that roll vevtical aligmnment responses do not show any

strong tendency to be more accurate than pitch responses across subjects
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is a little surprising since depth perception is involved in the
piteh task. One subject actually complained about the piftch task
saying he was very unsure of the pointer's pitch alignment. Inter-
estingly, his data shows a greater accuracy in pitch than!in roll
response. There are two possible interpretations of this result.
One is that depth perception is more accurate than other elements
of the task causing its effect to be buried in the noise. The
other possibility is that vizion is.not terribly important to the

performance of the task. A series of runs in a completely dark

cockpit would help clarify this.

Implications for the Ormsby model

The high correlation between roll velocity estimation and true
stimulus value in Experiment 1 is supportive of the model. The data
is too noisy, however, to allow much comparison of the response dyna-
mics with the model. When we look ai Ormsby model predictions for
similar stimuli, we can see that in the model the roll rate perception
peaks within a fraction of a second of stimulus onset and then begins
to decay. When the stimulus returﬁs to zero, the rate perception
undershoots by an amount equal to the previous decay. The entize
decay and overshoot effect amounts to less than 1 degree. This is

below the accuracy of the peak responses themselves in the data.
. * r
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The small dynawic effects predicted by the model are probably over-
shadowed by the dynamics of the conscioﬁs control task and the
manual control dynamics involved in‘quickly moving the meter needle
to its target position. It may be useful to look at the calibration
profiles with é stochastic version of the Ormsby model., Variances
could be cdmpared to the subjective data nad if the model is assumed
correct, it may be possible to separate the noise introduced by the
response task from that inherent in the peréeptions themselves.

The high stimvulus-response correlation in the vertical tracking
‘data is also supportive of the model. The variance across subjects
is certainly noteworthy but the model caﬁnot be expected to predict
this. Ideally, the model should represent the population norm or
mean. As menfioned previously, the responses usually follow the
shape of the calibration profiles more or less faithfully (see
figure 29), but beyond this the model predicts no dynamic effects
of a large enough magnitude to be seen through the noise of the
data.

The only finding that is decidedly contrary to the Ormsby
model predictions is the frequent failure to deteect the two roll
motions towards vertical during SIM1 and SIMZ2. During SIM1 roll
rate estimation responses, this failure was observed in ovér 2/3
of 58 possible responses. The effect is also apparent in the
vertical tracking data. There are several possible explanations.
Perhaps a threshold effect is being observed. The computer model
used here does not consider thresholds. The motion involved

(>2 degrees of tilt and >2 deg/sec2 angular acceleration) are
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above generally accepted thréshold values, Otolith threshold is
often quoted as about 0.005 g ='0.3 degrees tilt and the bulk of"
the data on canal angular acceleration threshold varies roughly
between 0.1 degree and 1.5 degre6/sec2, although there are some
figuresloutside this range. These threshold values are usually
applied to deviations from zero, under optimum detection conditiomns,
and often employ longer duration accelerations than are used here.
If, for instance, the stochastic threshold model discussed by
Ormsby is employed, it is conceivable that the results observed
during SIMl will be predicted since the dynamics of the first
motion (away from vertical) will éffect threshold to the second
{back to vertical). SIM2, on the other hand, employs large enough
roll angles (greater than 4 degrees) and accelerations (greater than
4 degrees/secondz) to make this seem unlikely as a complete explan-
ation,

Another possible explanation is a blocking effect in which the
second pair of motions is not being observed due to the nature of
the response task. Note that there is only a two second interval
between the first and second motions of each pair. This is shorter
than the four second intervals used between stimuli in the calibration
profiles and on the order of the response lag discﬁssed before.
Remember that even if the response task is modelled as a transport
delay and dynamic lag, this pathway involves a conscious evaluation
of sensations by the subject and transferazl to an open loop manual
task. It is reasonable to assume that the period irom onset nf a

stimulus until the subject has settled on an indicator position

.'QJ.




requires increased concentration an& attention on the part of fhe
subject. If onset of each ralling motion is thought of as a detec-
tion problem it can be assumed that if a subject's attention is
still focussed on a response to the first stimulus of a bair, he

has a higher prbbability of missing the second. TFurthermore, it

is also reasonable to assume that this probability will be inversely
related to the stimulus magnitude. SIM2 then, having the same roll
profile but with twice the magnitude of SIM1, would be expected to
exhibit a lower incidence of detection failures.

Still another possibility 1s that there is some difference
inherent in detecting roll towards vertical as opposed to roll away
from vertical. This sounds like a rathef unlikely explanation
since total deviations from vertical are so small (20 ‘for SIM1 and
£° for SIM2).

The final possibility is that the Ormsby model dynamics should
be revised to account for this result. It could be done by adding
lag somewhere to make the system behave more like an integrator
of the short duration roll stimuli in SIMl and SIM2; however, this
would contradict responses observed during the calibration profiles
and duirng SIM3. It would mean responses to these stimuli should
be more gradual than those observed. In fact if the response to
SIM1 is compared to the fesponse to SIM3, it can be seen that they
are nearly identical in time course. 1t is very difficult to see

how this could be explained by manipulating the model dynamics.

* The most probable explanation then, is a combination of the detdetion
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threshold inherent in perception, perhaps as modelled by Ormsby's
stochastic threshold model, and an added probability of detection
failure introduced by the response task itself.

. During the roll angle tracking task, once subjects have cor-
rectly indicated a roll away from vertical they can most often be
observed to maintain their correct roll angle indication until the
next stimulus ocecurs. Occasionally they will drift slowly towards
zero or make a sudden éhift back towards zero after from 5 to 30
seconds. There igs evidence that once people commit themselves to a
decision they will stick with it until it becomes obviously untenable.
If a subject begins to feel that his roll angle indication ls incor-
rect, but has noticed ne motion, it seems likely that he will exhibit
a tendency to stick by his indication as 1§ng as possible.

Two Ormsby model time constants have been discussed at length
in relation to predicted sensations during the aircraft coordinated
turn. One confgtant, TE (see Figure 4), is used to highpass filter
unconfirmed canal estimates for the DOWN estimator. The other, T

L

(see Figure 5), is used to high pass filter canal estimates of
ey
rotation velocity nerpendicular to DOWN, but not reflected by the

~
12

angular velocity of DOWN. The latter constant is respbnsib}e for
the paradoxical discrepancy between attitude and angular raiz sen-
sations predicted by -the model. It was mentioned that the values
of these constants are known only within rather vague limits. They
cannot be gvaluated from the data presented here since they only

conie into play when the specific force direction history is ;pcon—

sistent with head attitude history (SF does not remain earth vertical).

They might be illuminated, however, by using the subjective response

'
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tasks developed here during real aireraft turns.

The data presented here does not allow any distinction between
effects of vestibular and tactile or proprioceptive cues and must
be assumed ¥5 represent some unknown combination of these. It i;
also not clear what thelrelations between these effects are in the
Ormsby model. It might be interesting to try a similar set of

experiments using a very soft seat designed to distribute pressure

as evenly as possible over the body.

Implications for simulation

When subjects experience the Link trainer motion profile
considered most likely, on the basis of the Ormsby model, to be
the optimum simulation of a coordinated turn maneuver, their res-
ponses often differ somewhat from the attitude aﬁd'angular rate
perceptions predicted by the Ormsby model. These differences have
already been discussed and it was concluded that the discrepancy
can probably be explained by viewing it as a threshold detection
problem and considering the workleoad imposed by the task. At
least this seems like a far more likely explanation than any of the
ready alternatives. If the uompﬁter model uszed in this thesis rep-~
resents a signal that is idealized (no random noise) and simply
farther back a}ong the pathway than the observed output, then it
is a useful tool for gauging simulato% fidelity. Unfortunately,

the experiments performed so far are not sufficient In themselves

,-_.A,._,_,w..._“.
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to unambiguiously answer this question.. If the discrepancies observed
are attributable exclusively o the operation of the assigned response
task, we would expect to get nearly the éame actitude estimate res-
posnes if the vertical tracking tasl is pérformed in a real aircraft
during a turn similar to the one modelled here. The Ormsby model
makes thz same predictions for altitude perception in both cases and
the same deviation of response cutput from that prediction should
result, For the case of roll rate perception, the model predicts
a different response in the ai%craft'than in the simulation. BSubject
responses to the roll rate magnitude t¢stimation task in the simulator,
however, were often more like model predictions for aircraft sensations
although of a smaller magnitude. It is therefore not elear what to
expect of responses to this task in the aircraft, but it would be
extremely interesting to find out,

A possible apprcach to such an experiment is to put a subject
in an aircraft copilot or passenger seat, outfitted with a handgrip
device like the one used in this work, and installed in a similar
position with respect to the subject. An IFR training visor or some
other method would be necessary to restrict the subject from seeing
through the windows or seeing the pilet's instruments. It will be
impossible for even a talented pilot to precisely reproduce a speci-
fied turn profile, but if an inertial package is used to record the
actual motion history (attitude, angular rate, and acceleration) any
deviations can be taken into account. Turns can probably be made
close enough to the idealized profile of Figure 1 to allow meaningful
comparisons of subjective vertical tracking task and roll rate esti-

mation data with thar presented here. Ormsby model predictions for
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both the aircraft and the simulation are shown in Figures 10 and 11.
Examples of subjective responses to the predicted optimum simulatidh
profile appear in Figuves 24, 25, 29, and 30. '

Experimental results indicate that an optokinetic display
probably will not contribute much to innate sensations of roll
motion in a simulator unless, perhaps, the display is of considerably
more compelling nature than the moving stripes used in this work,

As discussed before, this result is not surprising in light of the
short durations of the roll motions used. This does not imply that
the stripe display, or something similar, is not of potential use
in simulation. Even if it does not “fool" a pilot with illusory
roll motion, it may be used as a cue by pilots and contribute to
performance.

The "canned" or predetermined motion profiles used in the
experiments here were not really designed for pilor rating of the
simulations., Idealization of the turn profile may have an insig-
nificant effect on perceptual quantities when compared to the
effects of coordination (maintenance of the specific force vector
in vertical alignment with respect to the cockpit), but these
small differences may be very important when a pilot is asked
to comﬁare his feelings with those he remembers from real flight,

It should be expected that the idealized version would feel too
mechanical and in fact this was the observation emphasized by the
two pilots when asked to evaluate the simulatioﬁ profiles. Pilots

can much more reliably evaluate the realism of a simulation when

o
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they can "fly" the simulator as opposed to being passive observers.
It was felt, however, that while the experiment was in operation,
there was certainly nothing to be-lost by asking pilots to rate the
simulation profiles using a very simple "realism' scale. The results
do show a definite preférence for the profile predicted as hest by
perception model considerations, but there were only three basic
choices. There are many alternative simulgtion profiles that were
not represented. The results do help verify the conclusion that
stripe display has very little effect on feelings or sensations of
motion during the turn simulation runs. The rating task data can
be considered supportive of conclusions drawn from the Ormsby model,
but for the reasons cited above and because only.two pilots were
used, the significance of this support must be considered quite low.

There are two obvious avenues for extension of this work towards
motion -simulation applications. One is to have subjects perform the
vertical tracking and roll rate egtimation tasks in an aircraft during
the real coordinated turn maneuver. This would be valuable both for
comparison with model predictions and with subjective results obtained
during various ground based simulations.

The other obvious extension is to convert the Ormsby model pre-
dictions into a motion logic system for the Link trainer. The simplest
approach is to fit linear dynamics to Ormsby model predictions of
optimum simulator profiles for some gpecific maneuvers such as the
coordinated turn discuvnsed here. 1If this logic were implemented,
pilots could actually "fly" the trainer and rate the simulation.

Such experiments would aid in determining the validity of the fidelity

prediction scheme developed in this work.
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10 Summary

The work described in the previous sections is summarized in
the thesis of Joshua Borah whigh was completed by Mr, Borah in
June of 1976. This document is undergoing final preparation for
reproduction and will be sent separately; It represents a major

contribution to the goals of this grant.
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VISUAL CUES IN LANDING

1 Background

The aim of this effort is the investigation of the pilot's
visual percéption of aircraft position and flight path during
landing approaches with the ultimate objective of determiping
the relative importance of various visual cues. The method
which is currently being used is to present the subject with
a recorded television image of different landing approaches
and record his magnitude estimations of deviation from an ideal
flight path.

Video tapes of landing approaches were made under the
supervigion of Dr. Queijo with the Langley Landing Terrain
Scene Generator. The approaches were made with random vari-
ations in distance, glideslope, and flightpath angle to be
appropriate for psychophysical testing. Approximately 10
seconds of each apprach at each distance was recorded. The
tapes start with a set of 21 scaling runs to help the sub-
ject calibrate his magnitude estimation scale for both glide
slope and flight path at each of the three distances. Then
follows 81 presentations of the factorial combinations of
three glide slopes, three flight paths and three distances,

with three replications each.
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Preliminary tests were run with the AmphiconIZGO video
projector set up without the simulator cockpit. Ten subjects
of varying flight experience were tested to re%ine the experi-
mental procedure and provide data to help indicate a better '
configuration of the video tapes. A data analysis of their
responses was performed to check the experimental design.

The following observations have been made from these
preliminary experiments:

1 The exposure time eof 10 secends is
too long for the short distance
(the optical probe is on the runway
before the run is ovef). |

2 The closest distance should be
shown first during the scaling
runs, so that the nominal aim
point is well defined.

3 To provide a global view of the
scene, we suggest making a complete
approach and then running it back-
wards to provide the subject with
the appropriate set.

4 Because there are only three dis-
tances, altitude cues could be
obtained from the contents of thé

lower portion of the field of view,

-
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e.g. if.a house was visible at a
particular distance it meant that
the flight path was lower than

usual. This can be remedied by

taking the nominal distance plus

a small perturbation.

It would ﬁe advantageous to have
less time between ‘runs and have

the run announced while the screen
is blank.

One subject complained of the use
of a £ 10 scale for magnitude
estimates, and felt th~t the use

of glide slope Qeviation in dots
would be more apropos for the
experienced airline pilot. How-
ever, there still remains the problem
of assigning scale values to flight
path deviations., (Preliminary
results of our experiments indicate
that this may not be a problem; the
observers seem to respond to flight
path angle deviation rather than

linear displacement.)

The magnitude estimates of one subject were processed by

an analysis of variance program which simultaneocusly generates
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the functional relation of the dependent variable (glide
slope estimate and flight path estimate) as a function of
the independent variables. The data for all three distances

was pooled for this analysis. The results for the magnitude

"estimation of flight path are shown in the figure.

It was determined that the magnitude estimate of
the flight path.angle deviation was significantly affected
by distance and flight path only. The psychophysical func-
tion is shown in the figure and indicates that the sensitivity
of response is approximately the same for 1000 and 3000
foot distances, but is significantly lower at the far dis-
tance (10,000 feet). We feel that this is due to the very
low angluar velocity or weak streamer effects at these far
distances, and the low sensitivity indicates that the pilot
is not perceiving the same angular flight path errvor that
he does at the nearer distance.

For the magnitude estimation of the deviation of the
glide slope from normal, the main effect appears to be due
to the glide slope deviation itself; there was no interaction
between the glide slope deviation and the other variables.
However, there were strong and significant interactions
between the distance and flight path, i.e. they strongly

influenced the glide slope estimates.
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The suggested changes in the experimental procedure

and in the stimuli are listed below.

Experimental Procedure

1

2

Shorter sessions (less than one hour)
One estimate per landing {either
glide slope or flight path, but not
both)

Varbal estimates (no manual tasks)
Cleaner tapes (less noise between
runs and more impersonal audio

narration)

The combination of (1) and (2) requirés two test sessions

of moderzte length rather than a single long session.

Stimuli Changes

1

Full length reverse and normal approach
at the beginniag-of the session to
estublish a refer:znce normal approach.
Fix only two points on the magnitude
scaling runs (no repetition of normal
appreoaches during the scaling runs)
Three replications of four stimulus
levels (two positive and two negative},

distributed randomly.

PO P VL L TNy
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-

4 Distribute stimuli corresponding to
normal approaches throughout runs to

check for subject's scaling drift.

2 New Experiments

A new set of tapes was recorded during the spring at
Langley Research Center under the supervision of Mr. C.W.

Acree. This set incorporates the following changes.

1 Two initial approach distances:
3000 ft and 6000 ft.

2 Three degrec normal glideslope
with #* 0.5° and 2% 1.0° deviation
stimuli, and % 1.5° scaling stimuli.

3 Three degree normal flightpath (zero
deviation from glideslope), with
+ 0.6° and % 1.2° deviation stimuli,
and * 1.8° scaling stimuli.

4 Three replications of each of four
levels of two types of stimuli (flight-
path and glideslope) at each of two
distances (96 runs), plus eight initial
scaling runs distributed throughout each
set of replications for a total of 128

runs.,

2y e b i
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5 Run times computed tolkeep changes in glide .
slope within one standard deviation of normal
subject responses on worst case runs, or 5.33 . N
seconds at 3000 foot approach distance and , ';:

10.65 seconds at 6000 foot. |

A five second delay in taping was made at the beginning of each

run to reduce recorded start-up transients of the simulator. This
eliminated some of the tape noise between runs, but most of the o
noise, start-up trasients, and jumps and wiggles ofthe image were
due to the video recorder (which cannot be controlled by the simu-
lator computer). Nevertheless, the tapes represent an improvenment

and are suitable for full scale testing. ' .

3 Equipment

An attempt was made to record a computer-generated runway ‘ "
image and display it on the Amphicon projector by viewing the
computer's CRT with a TV camera. The combination of the low i
sensitivity Sony camera with the moderate brightness of the ADAGE
CRT resulted in poor picture quality. Improvement may be possible
by using simpler programs to increase display speed and brightness,

and by_reducing the amount of background light to improve contrast B
. r o
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during filming and projecting. The usa of a higher sensitivity
camera might also be tried. ’

Modeification of the simulator to allow out-the-window visual
simulation is proceeding. ThHe simulator room has been rearranged
to make room fﬁr the large rear projection screen, and the screen
frame has been modified to allow it to fit under some low-hanging
light fixtures. The Amphicon projector head ha; been installed in
the ceiling to provide the longest possible optical path using a
refiecting mirror. A window shade will be iqétalled to reduce
the amount of background light.

A brief test was made to check the projector instéllation
and screen locatioﬁ. The available mirror was considerably undez—
sized, so the image brightness was much lower than it normally
wquld be, but the image was reasonably gouvd. The presence of
large amounts of background light adversely affected the image

contrast, but this will be eliminated by the installation of a

window shade for the room.

After the window shade is installed, the projector performance
will be checked égain before ordering a proper full-size mirroz.
The simulator cockpit display electronics will need to be re-
mounted on smaller racks before the cockpit can be fully utilized

for out-the-window displays.
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Multisensory Orientation Stimuli®
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Pefinition of Symbols

Specific Variables

1=

Translational Acceleration of Head {g's}
G Gravitational Acceleratién Vector (1 q)
sF Specific Force Vector (G ~ A) (é“s)
* DOWN . Unit Vector Pointing Toward the Earfh‘s Center
Yy Azimuth Orientation of the Head
v Translational Velocity of the Heaé
b Position of the Head '
T, () Rotation Information Available to the

Orthonormal Unit Vectors Aligned with

i i i
=G, ~yc, —Zc s SN
1—YC Sensitive Axes of Semicircular Canals

i
=t =y =z

"DOWNY" Estimator from the Semicircular Canals

i, i Orthonormal Unit Vectors Aligned with the
Head's Roll, Pitch and Yaw Axes Respectively

ix" i Orthogonal Unit Vectors in Average Plane of
. 0 Yo the Utricular Macula
i, - Unit Vector Perpendicular to Average Plane

0 of the Utriculaxr Macula
wit) Angular Velocity of Head with Respect
- to Inertial Space
QHD(t) ' Qc(t) Transformed to Hqﬁd Coordinates r
. (ﬂ‘.x’ ..:!'-y’ .J_'z)
-ggnb. Specific Force Vector in Head Coordinates
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General
X (t)

X(s)

>

High Frequency- Portion of w}

. ' . »
&12— .
. .
. .
.

Specific Force Information Available from
Otolith Sensors

Subjectlve Bstimate of Specific Force Vector

1n i i Coordinates
=0 —yo =Z0.

Bodily angular rate consistent with the

‘rate of change of DOWN

SF

Low Frequency Portion of Wk

Portion of wSF which 1is Consistent with

Rotation Rate Indicated by the Canal System

Portion-of mgp which is Inconsistent with

Rotatlon Rate Indlcated by the Canal System

- Subjective Sensation (Bstlmate) of Rotation
. Rate Parallel to DOWN

Sﬁbjective Sensation (Estimate) of Rotation

~Rate About a Horizontal Axis (Perpendicular

to DOWN)

Subjective Estimate of Rotation Rate of Head
with Respect to Inertial Space

Subjective Sensation (i.e., Estimate) of X(t)

Laplace Transform of X(t)

Underscore denotes vector gquantity
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introduction

In this paper. the subjective_responées'to multisensory
.stimuli (those stimuli which simultaneously excite the sémi»
circular canals aﬁa otoliths) are modelled and the predictions ,
-.0f this modelféompared to the apprqpriaté experimental data. : g
.Previous guantitative models have dealt almost exclusively |
with the response to noninteracting stimgli (those stimuli
which excite either +nhe semicircular canals [19, 22, 26,-281
or the otoliths [13,.27] but not both)ﬂ'iWhen the stimulus
class is generalized to include any combination of rotational
acceleration and translaﬁional accelerétiop inhthgee axes
a number of significant problems arise. After these prob-
lems are discusséd a mathématical model "is develoﬁed of the
perceptién of dynamic orientation which results from the
2

combined effect of arbitrary angular and translation acge!

&

b

erationé. To illustrate the usefulness of the model for
the conceptual underStanding of responses to multisensory
stimuli, three examples of the qualitative applications of
the model arelgiven. The paper concludes by presenting
the quantitative predictions of the model along with the
model's fregunecy response f£or small pitch and roll angle

oscillatiqns.*

Discussion of Modelling Problems and Philosophy

. : . r
Before discussing any of the problems associlated with

" the integration of sensory information from the semicircular
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guantities:

only from the otoliths to determine the direction of the

in general relativity precludes such a separation based

canals and otoliths it is important to clarify what the

: imbortant perceptual outputs of the model should be.

Certainly we would be interested iﬁ estiﬁgting the ﬁollowing
v “ .
1. Orientation of the head with respect to the
gravitational vertical
2. Raté of rotation of the head about its three
principie axes
3., The translational acceleration of the head with
respect to its three principle axes
and 4. Additional guantities which are dervied from the
-preceeding {e.g., azimuth, translational velocitie.,
and translational positioﬁs).
The most important of these is the_determinatibn of
orientation with respect to the vertical. ' Striectly speak-

ing,- there is no way of using information which is derived -

gravitational vertical if there is no a priori information
regarding the expected variations in orientation or

translational acceleration. The principle of equivalence

purely on measurements taken from linear accelerometers.
How then are we capable of distinguishing a change in orient-
ation with respect to the gravitational vertical from a
change in acceleration? The answer to tﬁis question has

two parts. First, we are not rcstricéed to the use of

| . REPRODUCIBILITY OF THE
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linear accelerometers (otoliths) sinde WE.aiso have angular
vélocity transducers (the semicifbuiar.cénéls) which indicate
with reasonable accuracy thetrate of chaﬁge of the head's
orientation for rotational rates in the frequency rgnge'
from 0.1 raé/sec to 10 rad/sec. Roughly speaking, for
‘changes in the direction of specific force which occur in
this freguency range (as determined from.otolith informaticnj
the distinction between a change in orienﬁation with respect
to the gravitational vertical and a translaticnal accelera-
tion.(or some combination of the two) can be made by noting
the output of the semicircular canals..‘As the frequency of
the variations in the diréction of the specific force ﬁector
dgcreases below .l rad/sec, information from the canals
becomes less and less useful. In fact as the freqﬁency of
these variations approaches zero the syéﬁem becomes incapable
of determining the true gravitational vértical., The second
part of the answer therefore is that far lower fregquency
variations the system cannot concern itself with the true
gravitaﬁional vertiéal but must be content to estimate
an "effective gravitational vertical® which can serve
as the practical reference for man's normal activitics.
The phenomenon of associatiﬁg the gravitational vertical
with the perceived direction of specific force for very low
frequency.{eséentially static) stimuli was discussed in
detail in a previous paper [18].

" oOnce the direction of thg gravitétional vertical is .

estimated, the other perceptual quantities can be dervied.

N [N - N
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' The sensation of rotation about ‘an axis parallel to the

X A .
perceived gravitational vertical (g“,)-will reflect ex-
clusively the dynamic response of the semicircular canals.

The percéption of rotation about an axis perpendicular to

¥

" the perceived vertical (gl) should reflect the information

available frém the canals and the otoliths. Since the
otoliths are capable of sensing.a“consténtly changing
orientation with respect to the gravitational vertical
the puiception of constant rotation about a horizontal
axis”should persist indefinitely. Benson and Bodin [1]
and Guedry [12] confirm that the percéption of rotation
does indeed persist.for piolonged‘rotations about a hori-

zontal cephalocaudal axis.

The estimate of translational acceleration is essentially

" determined once the direction of gravity is estimated since

A =g~ 8k (1)
where A = translational acceleration (g'é}

G = gravitational vector (normally 1 g}
and SF = net specific force vector or gravito-

inértial reaction force {g's)
The only change needed in equation 1 is the replacemént of
each term by its estimate (e.g., A by i, etc.). To main-
tain the notation used in the previousipaper on static
orientatibn [18] the estimate of 7 will be denoted by
ggﬁg sihce this is more deseriptive of its perceptual meaning.

The remaining perceptual quantities (agimuth, translational
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velocity and translational position) are obtained by integra-

tion as followé:

¥(e) = () téf£||(“)ldn N 12)
R IR I N . )
X(6) = X(k)) + -tgtﬁ_(n)dn : (4)

T4l

.where ¥ is the estimated angle between the projection of
the Lhead's roll axis (ix ) in the earth's horizontal plane
and some fixed direction in that plane (e.g., a vector
‘pointing toward true north).

é i is the perceptién of rotatiog about gn‘axis parallel

to DOWN

is the perception of linear velocity

and

I <>

is the perception of spatial position.

In all, the model should be capable of predicting 15
quantities (3 associated with é, 3 asséciated with é,
3 associated with i, 3 associated with ﬁ, 2 associated
with the direction of Qéhg, and 1 associated with @). of
these 15, the 2 associated with the direction of Qéﬁﬁ are
by far the most difficult to model guantitatively and for

this reason the model developed in this paper is referred

to as the "down" estimator. Bguations 1l~4 determine the

'a) ~ ~ N o

quantities A, ¥, V, and X as a function »f DOWN and g”
~ ~ AT
(since wy is the portion  of w parallel to DOWN.)
~" Before considering these estimators (for Qgggauﬁlgpgqr+gl)

in detail, several problems require consideration. The

>
. .
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first of these is the problem of rgconbiling what may scem

" to be contradictory information from the canals and otoliths.

Three examples can be cited for which there exists correspond-

ing data. The first of these involves an abrupt change in

.the direction of the specific force vector relative to the

head ("rotation information" from the otoliths) without any

correspondingiindication of rotation from the canals (e.g.,
airecraft catapuit launch [6], ox a‘change in the direction
of‘specific force due to rotation on a centrifuge [9]).
2 second example of such a conflict would arise in the case
of a.constant rotation about a horizontal axis which would
lead to'a continuously rotating specific force vector
but a zero steady state outpult from the canalsi(e.g., a
barbecue-spit exﬁériment [1, 2, 12]). FPinally, situations
may arise in whiéh the canals indicate an.abrupt rotation
about a'horizontal axis but the otoliths indicate no change.
iﬁ tﬁe direction of specific force (e.g., a coordinated
aircraft turn ox the abrupt qessation of rotation inra
barbecue-spit experiment [1, 2, 12}). - Since several of
these examples yill be treated in detail'in the remaining
sections of ﬁhis paper it is unnecessary at this puint to
give a full accounting of the perceptual responses except
to say that the perception of the vertical for these stimuli
is most strongly associated with:

l.-‘The low frequency portion of the~“rotation

information" from the otolithg




"plus 2. that part.of the canal ‘information which is con-
sistent with the high freqﬁénéy portion of the
. “"rotation information" from the otoliths.

Since the rate of movement of the pérceived vertical
may not bhe consiétent-with the estimate of rotation 'based
only upon canal information the guestion arises whether
the perceptién of rotation reflécés the movement of Qéﬁg
of sanal infoimation or a combination of ‘the two. If the

ol

time histories of DOWN and 91 (the component of w perpen-

el
dicular to DOWN) were to be consistent then in the situa-
. A ’ )
tion in whicvh the direction of DOWN is constant (in head

"~

axes) it must follow that‘gi = 0.  The experimental evidence

[1, 2, 12]) does_nof consistently support ﬁhis coqclusion

and thus Qéﬁg and éi may nolt be in agréement. Although l

such a contradictory sensation.(of rotating but not changing

..one's ?osifion) seems difficult to imagine, it is also

found in cases in which otolithic and visual information

conflict [7, 29] aﬁd_during caloric ﬁésting. The fact

that these sensations are contradictory also complicates

interpretatién of -~ we of the experimental data. For ex-

ample, if an experimenter asked a subject if he felt himself

rotating the subject could answer either “"vyes" or "no" .

(in fact-an answer of yes and no would be more appropriate!).
A.second problem arises in the case of stiﬁuli which

are predicgable, usually because the .subject is thoroughl¥

familiar with the stimulus from past experience and is able

A AT | T 2y R A b
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to recognize the underlying stimuius'pattern. The phen-~

omena associated with such a situation.are significantly'
dlffercnt from those which we are atLe1pL1ng to model here
since Lhey 1nvclve the complex problcms of pattern recog-

nition. Furfthermore, 1t is vcry llkely that the processes

‘1nv01ved in recognition are sLlongly depcndent on the

SlmpllClty of the stlmulus, the "subject's past exposure,

and many other factors which would make an accurate prediction

of dynamic orientation extremely difficult. For these reasons

the stimulus class for which we are attempting to model the

perceptilal responses will be assumed to be unpredictable.

Finally, the information'upon which the ”dowh“ estimator
bases its estimate must be considered. Although the infor-
mation from two scts of semicirculér canals and otoliths
is available to the brain it is unnecessary to waste

computation time performing a dual set oOf sensory simula-

- tions. For this reason, the model simulates cyclopian

sensors located near the center of the skull. The three
canals are aligned with and are sensitive to rotation about
three head fixed, orthogonal axes (the particular sct of

axes chosen is arbitrary). The combined dynamic response of

each canal and its associated higher processor can be approximated

{17] by the following linear relationship:

¢

~ . - g2 : .
w(t) = l{(lBS +5i?130§ T l)w(s)] (5)

where w(s) is the Laplace transformed rotation rate
about the canal's sensitive axis (radians/

éecond)

-

‘,,.
. n
e T
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m(t) is Lhe average subjective, perceptlon of rotatlon
(radians/second) about thaL canal's sen51t1ve ax:s.
and.;Zi is.the inverse Laplace transform operator
The linear relation glveﬂ in equatlon 5 is a smmpllfled

ver51on of the tlansfer functlon devoloned in [17] becausr

2

it neglects the short.tlme constant of the canals (L/(.0058 + 1))
and the slight raté senSitivity-séen iﬁ canal afferents

(.Ols + 1). Neither of these terms would have a significan;
enough effect on the response of the model to Jjustify their
presence. Figure 1 summarizes the iﬁformation available

to the “down" estimator from the semicircular canals

The estimates of rotatlon rate based upon canal information
are-transformed~from Sensox coordinates.(ixc, iyc; izc)

to head coordinates since the principle head axes (ix

roll axis, roll right positive; iy pitch axis, pitch dowﬁ

positive; iz yvaw axis, yvaw left positive) are the most

“natural coordinates to which to refer our conscious percep- =

tions of dynamic orientation.

The otoliths are modelled as three linear accelerometers
sensitive to the components of specific force along three
mutually orthogonal axes. The combined dynamic respoﬁse of
these accelerometers and their associated higher processors (sce

Reference [l?] section 3.2) is given by

911 (s -+ .988) SF (s) . (6)
sT(t) =7 (5 + .193) (5 + 1.957 . J

. where SI'($) is the Laplace transform of the component ofe

SF (L) (g's)>along.the sensitive axis of the accelerometer

N
i

s o i s 1 4
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SF(t) is the average subjective response (g's)
The illusions which arise in the'béréeﬁtion of static
orientation [3, 4, 5, 10, 11, 14, 15, 16, 20, 21, 23, 24, 25]

indicateé that errors exist in the sensing of specific force

" or in the processing of the sensory information related to

speciﬁic force and that these errors are related ﬁo’that
component of specific force perpendicular to the "average
p}ane" of thé utricular macula [18]. Fo# this réaédnbbne
accnlerometer is aligned with its axis (izo) perpendicular
to the average utricular plane (=25-30 degrees pitched back |
relative to the vertical when the head. is the normal upright
position) while the sensitive axes of the othgr two acceler-

ometers (iy ' iyo) will be orthogonal apd lie in the utricular

o
piane. Figure 2 illustrates the information available to
the "down" estimator from the otolith sensors. The altera-

tion of the sensed component of specific force along .

is discussed at length in references [17] and [18]. . The

accelerometers sensitive to changes in specific force along
éxo and iyo are assbdciated with the utricle and the accelero-
meter aligned with izo is associated with the saccule since

the major component of the functional polarization vectors

of the utricle and saccule are in the ix

of i plane and

along the izo axis respectively [8]. Tinally the estimates

of specific force are transformed from sensor axes (ixof

izo) to the principle head axes (ix' iy iz) as was

Y

éyo’
done for the estimates of rotation.




DOWN Estimator

After numerous algorithms ﬁere_devéloped in an attempt
to produce an estimator with the desifed gqualifications, one:
was found which fulfills all of Lhe rcqqucmenLS discussed
previous ly and which vields very reasonable quantitative
'résults. The aiscrete “down" estimator is illustrated in
PFigures B_épd 4, The information available to the "down™"
estimator at the beginning of each update is the old estimate

~

of down, DOWN(t~At) and the new estimates based upon canal
information (;HD {t)) and upon otolith information (éiUD(t))'
Figure 3 illustrates the calculatiqﬁ of the updated percep-
_tioﬁ of down, Qéﬁﬁ(t) and Figure 4 illustrates the'updated
perceptionrof rotation, é(T). Each.elemenﬁ of the model is
labeled with g letter {(from A to L) for easy reference and
will be discussed in alphabetical order.

The first célement, labeled A and marked with an ).
represents the following computatiohal procedure: produce
a veétor 95% which is in the direction ST HD(t e) X ST p (t+e)
and which has a magnitude equal to the angular rate of

~

change of the direction of SPHD at time t. In the computer

simulations described later, 9 was calculated. each second

Sk
(t = 1, 2, 3, 4, ...) and gEHD was calculated on the hali
second (t = %, %, %,.;.) 50 ¢ = = = 0.5 seconds. w/

2 —SF
would ‘represent +the iniormation available from the otoliths

concerning tlie rate of rotation of the head if it wer:

. . < r
rassumed that SF was fixed in space.

J SRR
"‘
;o




S L S

AT B ety e e

~-14- | | .

The low pass filter, labeled B, pefforms the - function
6f separating out the low frequency cémponent of Qé%

which is.assumed to arise from the change.in the body's

.orientation with respect to the gravitatiopal vertical. The

~

.output signal QEF is intended to £i11 in the low frequency

ipformation missing‘frdm the canal signal éHD for rotation
about a horizontal axis. QgF is the high freguency component
of gé% and typiceally . arises from both transient linear
accelerations and abrupt changes in the head's orientation
with respect to the gravitational vertical. The best

time constant for the low.pass filtex ﬁaé found to bhe
apprpximétely 35 seconds.

.

The transformation labeled C produces a rotation vectoxr

from EL as follows:

-BOTO SE

{Component of EﬁF which is perpendicular to the
R .= ~ ~ .
.—OTO plane of §EHD and DOWN {t-At) _ : (7)

‘It may seem odd at first that this transformation allows.
rotationé which might be themselves movergéﬁﬁ away from éﬁ.
The reason for this is fhat such rxotations are necessary

to céncel the canal signals which arise when prolongeﬁ
rotations are suddenly stopped. Tt is this mechanism which
helps to predict the stabilization of the perception of
orientation when prolonged rotations aﬁout a hérizontai axis
are abfuptly terminated as was found expérimcntally by

Benson and Bodin. [1,2] and Guedry (12]. In all the

REPRODUCIBILITY OF THE
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simulations carried out no case has bheen' encountered in

. which c (which will be discussed next) did not cancel

Rsc ‘

GOmpietely any Ryng which would move DOWN away from SF.
If such a case occurred it would appear réasonable to de-
crease the magnitude of BoTo'until the net effect of

Bpor = Romo T Bgec

of DOWN and SF after rotation. The combined effeet of

would be to minimize the misalignment

elements A, B and C in figure 3 is to produce a rotation

vector BOT

which represents the low frequency rotational rate informa-

o from the current and past estimates of SF

tion due to the otoliths. It is this éhdracterizqtioﬁ of
this pathway which 18 most useful when the model is used

to make a qualitative prediction of the response to a simple
stimulus without extensive simulation.

We now turn our attention to the information from the
canals. .The'rotational information from the semicircular
'canal; nust be consistent with the high frequency sensationg
arising from the otoliths (represented by ggF) if it is
to be used to update the sensétion of orientation with
respect to the vertical. The portion ofléﬂu(t) which is
consistent with ggF is denoted by Eg and is calculated by
the following procedure: |

1)} Calculate the component of -@HD(t) which is parallel

to QEF' call this component C.
2) If C is in a direction opposite to QEF then set
c _ '
ug =0

B N S S,

¢ e
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3) I£C is in the same dlrectlon as mg. Lhen set

Cc g . .H '
Yo = ~Ugp if IEJ > IQSE! |
: (8)

..bgg = —-C if IC‘ < lmsrl

n

L4

“The portlon of wHD(t) which is inconsistent with QEF‘iS

denoted by géi and ‘is given by
i~ ¢ | (9)
9o = wyp(t) - wg :

The reason that ~wHL(t) (1nstead of mHD(t)) was compared

with mgr is that for a positive perception oif rotation the

corlaJpondlng rotation of the g vector .would be negative.
While experlmental evidence clearly 1ndlcates that

Lhe effect of ‘-on the perceptlon of ofientation is minimal

it is not clear that it has no effect in tﬁe very short

term (<1 sec¢). For this reason gé is péssed through a

high pass filtér (E) of the form {s/(Ts +vl) where 1<1 sec.

"For the catapult launch simulation described at the end of

this paper T could be no higﬁer tﬁan :25'seconds to retain

reasonable results. ) A value of v = 0 would not be incon-

sistent with any available experimental evmdence.

The rotation vector due to canal information is aenoted
R is computed by taking the sum of gg.and the

—5CC* =8CC
result of filtering Qé and then eliminating the- component

by R

which isfparéllel to the last estimate of down.(since this

~

componeht is ineffective in changing the direction of DOWN

relative to the head). For r&pid:qualitativé predicetions?

-16~ . o
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this pathway (DandF, ignoring E) can be thought of as

tsdlating that portion of the canal signal which is consis—

H . .
tent with ggj and s perpendiaular to DOWN.
ETOT is then computed by subtractlng RSCC from EOTC'
RroT represents the estimate of the rotational rate of the

outside world arouﬁd an axis perpendicular to the last
estimateddirecfionof down for the purposes of updating
that estimate. The transformation labeled G updates
DOWN(LwAt) using RTOT The output of G is denoted by D' (t)
and satisfies
1) DOWN (t-At) x D'(t) is in the same direction as
BTOT, .
and 2) the angle between DOWH (t-At) and D' (L) isﬂgiven
by [RygplAt

Thelefore, if |R = 30 degreecs/sec and At = 0.5 seconds

Brorl _
Qgﬂﬂ,will be rotated about Rpor by 15 degrees.

D' (t) would normally be considere& the new estimate of
"down" except that because it is generated through the
integration of rate information it is'bound to accumulate
errors which must be climinated if permancnt discrepancies
are to be avoided. ‘his is accomplnshed through a slow re-
ductlon of any dlSClcpancy in dlrectlon between D' and éi
(elements H and I). ‘'the tlme constant, Tp, is guite large

but was fohnd'to be a weak function of the magnitude of

the specific force vector (as lsrl lncrcases, T decreases

- and D‘ moves toward SF more lapldly) T (in seconds) is

~given by -

o

L
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60 : | : ' :
T (s YY . (11) "

The net effect of H and I is thdt in a steady state condi=’

tion, the subject adopts the estimated specific force vector,
based on otolith information, as the correct direction for
v .

2y
DOWN. This insurég that the steady state response of the

‘model will exhibit the perceptual errors discussed and

modelled in Réferences 117] and [18].

Tl

The resulting estimate of DOWN (t) répresents the model's

prediction for the subject's perception of the dircction of
the gravitational force vector witﬁ respect to his head.
This eétimate is then used at time t + At‘to generate a
new estimate. ‘

The model for predicting the perceived rate of bodily

rotation is shown in Figure 4. g“ (t) is found simply by

~ ~
taking the component cf QHD(t) parallel to DOWN(t). 96

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. gl(t) is formed by:
1) calculating the difference between wj and the

component of w,__{t) which is pcrpendicular.té

—HD
DOWN (8 = w)* - wp)

2) passing this difference ﬁhrough a high pass filtex
IL) ahd.then

5 .

This.arrangcmcnt acceptsiﬂuarelatively.high frequency changés

'3) adding the resulting output to

in rotation rate indicated by the semicirecular canal system




~19~

while deférring to the rate of rotétioﬁ_consistent with'

Dé&ﬁ for lower frequency changes. ‘béta.fioﬁ Benson and
Bodin [1, 2] indicates that a fllter of the form TS/(Ta + 1)
w1th T = 0.to 5 seconds should be suf£1c1ent (lf T =0

then wl(t) = 95 and.gi would be completely consisteﬁt'with
DOWN) The total sense of rotation, é(t) ig given by the sum

o‘f. _g“(t) and é.[(t).

' This completes the component by compqnent review of
the model. Before describing the quantitative resulits which
were produced by computer simulation, some examples of
qualitative predictions will be given.' )

First consider a stapaard rate aircraft turn'which is
abruptly stopped by rolling out of the turn .rapidly into
level flight. Just before the rolléut the subject will
perceive himself to have zero roll angle‘with respect to
the earth vefticai and a slightly pitchea back o;ientation
due to the slightly increased g force_iﬂ the turn (elevator
illusion, see Reference [5]). 1In addition he will have no
sense of’rotation sinée the canal respénse to the rotation
of the aircraft has long since decdyed to zero ang 95'= 0.
puring the roll out the specific force vector will remain
to 1 g. é} wmll Lhcrefo;e sllghtly dlmlnlsh in intensity
and will plLCh forward about 1 or 2 dcglecs (Lo ellmlnate

the sllght pltched back sensatlon) Since the dllectlon of
~ r

SF remains practically consLanL the otolith pathway Ryro

b

~aligned w1Lh the yaw axis o£ the body and diminish in 1nLen51ty

T b et
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¢an' be considered inactive. Since Bop wirl also equal

will be considered inconsistent (both that -

L}

D generated by the rqilipg out rotation and that

)
zero all of Yup

part of Wy

.due to the after sensation of stopping the. aircraft's turn

L]

rate). Consequently all of Bun is ﬁaésed through the ‘high

pass filter and is quickly reduced to zero. Therefore, for

rough calculations BSCC = 0 and except foxr the elimination

~

of the elevator illusion DOWN will remain essentially

unchanged and the subject should sense that he is erect.

Fal
Since DOWN is essentially unchanged, QD in Figure 4
~

is approximately zero. The component of ®ap which. arose

from the roll out motion of the aireraft is | to DOWN and

= 0 i
) 9 w, is

will therefore be assignad to gl. Since ©y

set equal to w! and is high pass filtéred with a time con-
q =] <

stant less than 5 seconds, gi(t) equals the output of

this filter (since Wy = 0) which merely implies that the
rolling sensation is shorter lived (due to the high pass
filter) than it would have been if the otolith information

~
had not contradicted it. The component of L which arose

from the aircraft stopping its rate of turn will be in the
opposite dircction to the original turn and will Dbe essen-

tially parallel to the direction of DOWHN. Therefore this

~
component of un will become E”(t) and the subject will

perceive himsclf to be turning in a direction opposite to

the original turn. The sensations described above are _
. ' . - r

consistent with the illusions known to be associated with

" aircraft flight. Circumsitances which could interfere with
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these illusions are the following:

| 1) A passenger with extensive flyiﬁg experience who
expected the turn or roll out might be capable
"of interpreting the séqsétions correctly.

v
2) The pilot who initiated the roll out would certainly

LS e ks SR (- Te AR e L e, Rhe oo e it

have little inclination towards illusions,

or 3} Any visual information would affect the predicted

perception since the model presumes that there are

S,

no visual cues.

A second example is that of a step in lateral accelera-

e rrgmbet et s i A etinrti g

" tion of 1 g. Initially the subjecct correctly perceives
himself to be in an erect position in 1 g. Since the subject

is. never rotated during the experiment the canals are not P
A ’ :

stimulated and Yp T 0. Referring to Figure 4 we can con-

clude that: E*

TS

wlt) =w) (8) = 11 - =] o (e) (12)

The only active pathway in Figure 3 is that for the
information from the.otbliths; SF will move very rapidly
toward SF and then stop which will induce a rapid rise in

wo, followed quickly by a'rapid decay to zero. QEF will

—5F

rise quickly during the period in which Qé%

- then slowly decay to zero. Since ggF is perpendicular to

is large and will

S P T T AT R I e Y TP

both DOWN(t - At} and gg, it will pass_through C and Romo

P Finally DOWN will move toward SI at a rate

proportionai to the magnitude of ﬂgF (actually a little - T

faster since the lower pathway in Figure 3 will lelp somewhat

will equal‘gg
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in moving DOWN toward SF). Figure 5 shows a rough sketch

. of the approximate time course of these signals.

The last case to be considered before presenting quan-

titative results is the phenoménqp pqsociated with the ekper-

-iments of Benson and Bodin [1, 2]“ahd‘Guedry {l2]. TFor a

steady state rotation of w about a horizontal axis;

9 T2
Rece * &
w? + Wap ® W (13)
Ysr Ygp % 2
. L
Boro T g1
and, DOWN ~+ SF = SF

Each of these can easily be understopd by reference to Figure
3 except possibly the last relation. It is clear that Qéﬁﬁ
will approach 8T if it is understood that the rate of
rotation of Qéﬁg_(gn) will eventually match that of SF since,
Béfo épproacheé the true rotation rate and any constant disg
crepancies (phase lags) will be eliminated by the 1owér path-
way. Consecquently the subjecﬁ}s steady state sensation of
rotation during the period of rotation should correctly

~

reflect the true rate of rotation (w = w).

Immediately after the rotation étopé we can predict that

(Figure 3):

Bap will quickly -+ -w and then decay to zero (this
"is the typical velocity step response of the canals)
wl\

—SF will quickly + 0
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QgF - will quickly -+ +4w and then decay to zero
-gg will quickly + ~w and then deéay to zero
‘ ‘ ' (14)
Rsee wild quickly + - and then decay to zero
. - * e 3 - ! ‘
BOTO Wlll remain at - and then decgy to zero
Bror = Boro 7 Bgee WAL quickly - 0

and furthermore (Figuré 4) :

wy will quickly -+ 0

”~ N

w'= (since w

“ “1p

HD is perpendicular to DOWN) anrd 9|[=0

and

we) = w6 = iy o)

Therefore the model Predicts that while a'suﬁject should
pérceive that his posgition with respect tc the vertical is
not changing after the rotation ceases he may have (depending
on the value of T chosen) a brief sensation of rotation op-
posite to thé original rotation. Benson and Bodin (1, 2]
had some subjects who reported a ﬁrief sensation of fotation
and some who didn't. Whether this discrepancy in reporting is
due to the conflict between Qéﬁﬁ and w or due to different
subjects having differcn£ values of 1t is unclear. Thét sub-
jects'perceive themselves to have a constant orientation

>~

relative to the vertical (DOWN constant) is not in question.

Benson and Bodin report "...that they (the subjects) were guite

aware that the stretcher had stopped and of its ﬁosition re-
lative to the gravitational vartical...“ Similar stimuli amd

reports of subjective responses are described in [12].

B L —
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Quantitative Model Predictions

The model developed in this’ paper . has been programmed

so that guantitative predicfions can be wade for arbitrary

stimulus combinations [17}. The programs were written in

Fortran IV and they include all functions shown in Figures

l - 4, Although the model could be implemented with any up-
date intervaiggﬂt = 1 sec was chosen as a reasonable compro-
mise between computational efficiency and simulation band-
width. One update interval takes approximately 0.08 scconds,
of central ﬁrocessor time when utilizing an IBM 370-165

computer.

1. Dynamic Elevator Illusion

In a previous paper [18]), the elevator illusion was

discussed and a model which correctly predicts its occurrence

and magnitude was developed. Thc transition from head erect

in 1 g to the perception of backward tilt with the head erect
in 1.75 g was used as a test of the dynamic model presented
in this paper. The stimulus input to the model consists of

a step in upward acceleration of 0.75 g after the model was

- stabilized with head erect in 1 g. No rotational stimulus

was used. Figure 6 shows the time course of the predicted

pitch sensation which resulted. Superimposed on the medel's
predictioﬁ is the data from Cchen [5] in-which subjects were
given essentially the same stimulus excebt that the acceler-

ation was producéd by a centrifuge. Cohen's subjects

T
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perceived a maximum change in pitch orientation of aApproxi-—
‘mately -19°, f%he discrepancy in the magnitude of the sﬁeady

state illusion is discussed in reference 18.

2. Catapult Launch

L]

Cohen et al’ [6] used a centrifugé to simulate the
accelerations encountered in a'typical‘aircraft catapult
'launching. The.average acceleration profile used by Cohen.
is shown in Figure 7 along with an actual catapult launch
.acceleration profile. Tigure 8 illustrates the manner in
which the accelcra#ion was generated'oh the centrifuge.

Tbe foliowing acceleration profile was used in tpe simulation

of the "down" estimator:

Ayup = 3.8sin(ut/3.2)yg t < 3.2 sec
' (15)
= 0 o t > 3.2 sec
The rotation profile used is given by£
-2 - /3 : .
Wy = 3.2(.1. cos{(2nwt/3.2) t < 3.2 sec (16)

= 0 _ : > 3.2 sec

A

Figure 9 iilustrates the movement of DOWN in responsc to this
stimulus. In addition to the pitcﬁisensation for .which Cohen
et al tested,; the model predicts a possible rolling sensation.
If this.roelling sensation is truly absent, then the time con-
stant.iﬁ the high pass filter (element E of Fiéure 3} should

be reduced to zero. If the sensation of rolling is even greater,

then T should be increcased above 0.25 sec. Figure 10 compares

'
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the pitch response of the model Lo the data given by Cohen

et al. The above simulation was rerun with w,. = 0 (repre-

sentative of a real catapult 1aunéh} and the predicted per-

ception of pitch was essentially the same.

¥

3. Frequency Respdnse for Small Pitch and Roll

Oscillations

The model's use of otolith and canal information can

be best understood by comparing the freguency response of

- the model to cach of the sensors. Since the model has non-

linearities for large tilt angles and for conflicting sensory

information, it is important to confine the ascillations to

"small angles (<10°) and to insure that only simple tilting

or pitching stimuli are used. The response is essentially
the same in both pitch and roll sc onlyiéhe data from the

réll'stimuli will be illustrated. Eight frequéncies from
0.05 to 2.1 rad/sec were tested.with stimulus amplitudes of
5 - 10°. Lower freguencics were not tested since extremely

long and therefore costly simulations would be neccssary.

Higher frequehcies could not be tested since the update intexr-

val for the simulation was 1 second. Figure 11 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 frequencies tested. It is clear from Figure 11

”
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that for low frequency stimuli, Ehermodel relies on otolith

" irformation and for higher frequency stimuli the model relies .

on information from the semicircular canals. The crossover

frequency is approximately 0.5 iad/sec.- Nashner [14] found

a crossover frequency of approximately 0.1 Hz = 0.628 rad/secc

from expefiments invelving postural control of pitch erienta-
‘tion. Since the phase and amplitude responses are so close

" to that of a unity gair for frequencies up to about 3 rad/sec
the model predicts that oﬁr perception for small random tilt
oscillations about a head erect position in 1 g should be

essentially coxrect.

This paper has presented a model for the perception of
dynamié orientation resulting from stimuli which involve
both the otoliths and the semicircular canals.‘ The model
~was applied to several multisensory stimuli and its predic-
|£ions eyaluated. in all caées, the model predictions were
in Qﬁbstgntial agreement with the known illusions or with

-

the relevant experimental data.
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FIGURE 1.
FIGURE 2.
FIGURE 3.
"FPIGURE 4.

FIGURE 5.

FIGURE 6.

FIGURE 7.
FIGURE 8.
FIGURE 9.

" FIGURE 10.

FIGURE 11.

FIGURE LEGENDS *

Information available to DOWN estimator f£rom the
semicireular canals.

Information gvailabie'té the DOWN estimator

From the otolith oxrgans.

DOWN estimator.
Estimator for rotation rate 'w.

Approximate time course. of model parameters and

response to a 1 g step in lateral acceleration.

Dynamic elevgtor'illusion'(l.75 g).

Comparison of the GX accelerations recorded in
cétapult launch and centrifuge_simulétion.
Schematic representation qf-a catapult simulation

on the human centrifuge.

-

" Movement of DOWN for catapult launch simulation.

Pitch perception foxr catapult launch simulation.
Phase response of combined model to small tilts

(<10°) in pitch and/or roll.
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SUBJECTIVE DETECTION OF VERTICA. ACCELERATION:

A VELOCITY DEPENDENT RESPONSE?

by
G. Melvill Jones* and L.R. Young

Biotechnology Division, Life Sciences, NASA Ames Research
Center, Moffet Field, California and Man—Vechicle Laboratory,
Department of Aeronautics and Astronautics, Massachusetts

Institute of Technology, CamBridge, Massachusetts.

INTRODUCTION

Subjective orientation estimates have long been known to

depend on the orientation of the otolith ovr~ans relative to

gravity and the imposed linear acceleration (Schbne, 1964; Udo
de Haes and Schine, 1970). Detection of acceleration or tilt
is best for horgzontal orientation with the hoad wpright, and
decreases in accuracy for other orientations, leading to a
"blind spot" for detection when the otolithic system is in an

Yunfavorable position" with the head inverted (Quix, 1925;

#present address: Director, DRB Aviation Medical Rescarch
Unit, Department of Physiology, McGill University, Montreal,
Quebeec, Canada. :

This work was conducted at NASA Ames Resecarch Center while
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'Graybiel and Patterson, 1955). On the other hand, single unit

recordings from first order otolitﬁ afferents indicate highly
sensitive’utricular or saccular responses to iinegr acceleration
in all planes (Fernandpz et al, 1972). Aﬁ unresolved problem,
therefore, concerns the special difficultf associated with sub-
jective assessment of motion in the vertical direction. Recent
experiments with human subjects seated erect in an NAE* corputer
controlled helicopter and a NASA (Ames Research Center) vertical
movement simulaior revealed such a peculiar difficulty (Malcolm
and Melvill Jones, 1974). During vertical sinusoldal 6scillation,
in the absence of vision, gross errérs frequently occurred in the
subjective estimate of phase of the movement. Since these ervors
5ore no systematic relation to stimulus parameters over a wide
amplitude-frequency range, they could not be ;scribed in a simplg
way to éystematic influence of sensory transduction dynamics of
the ind known to occur in the semicireular canals (van Egmond
et al, 1949; Melvill Jones and-Milsum, 1965; Young, 1969; Melwill
Jones, 1972). The present study therefore set out to investigate
two -other pdtentially causal factors for these errors:

i. high threshold of seﬁsitivity to ﬁertical

linear acceleration with the head erect;
ii, ambigulty in assessing the dircction rather

than the presence of such movement.

%Canadilan National Aeronautics Establishment

"




Previous studies in which human subjects wére accelerated
horizontally .along saggital and longiﬁudinal body axes (Walsh,‘ .
1962; Meiry, 1965:; Young et ai, 1966, Young and Meiry, 1968) yielded %
subj;ctive thresholds which were mﬁch lower than the peak acceler-
ation amplitudés of the vertical sinusoidal movements in Lhe exp- :
‘eriments of Malcolm and Melvill Jones (1974). Moreover at supra-
threshold levels of acceleration tﬂére was apparently no difficulty i
in directional assessment of the horizontal ‘movement. However, the
fact that these latter experiments were all conducted in a hori-
zontal plane introduces an additional facter - relative rotation
of the gravitoinertial stimulus vector resulting from summation of

. varying horizontal and static gravitational accelerations., It is

. well known that this form of vector rotation can provide additional

physiological information which might well add sensory clues not

available to subjects accelerated parallel to gravity (Correia and
Guedry, 1966; Benson and Bodin, 1966; Correia and Money, 1970;

Benson et al, 1970, Benson, 1974). 1In an early investigation, Mach

I T T

(1873) reported a threshold corresponding to a peak acceleration of
0.012 g's for an u%right subject oscillated nearly verticaily at the
end of a beam, with a period of 7 seconds. Walsh (1962, 1964)
examined human subjective response characteristics during sinusoidal
accelerations in horizon;al and vertical directions. Héwever,
Walsh's subjects were supine during vertical accelerations whereas
those of Malcolm and Melvill Jones (1974) were seated. erect, so that
different compoﬁents of both vestibular and general somatic sensory

‘ r
systems were stimulated in the two sets of experiments,



|
In order to avoid the complication of changing direction of k %
the acceleration vector, and to conform with the stimulus orientztion - :
of the Malcolm and Melvill Jones experiments’, we restricted the stim- - i
; _ .
ulus to vertically oriented constant linear accelerations while seated :
' \
erecﬁ. Similar methods to those of Meiry (1965) have been used so ‘ 5[:~
as to facilitate comparison of results with the findings concerning

response latency versus acceleration in the horizontal plane.

METHODS . ' b

All experiments were conducied on the NASA Ames lHeight Control
Apparatus as described previously (Malecolm and Melvill Jones, 1974)
using the same eight subjects. Bubjects wvere fixed to the seat of ' E;f

the blacked o.t cabin by a conventional aireraflt restraining harness,

with an additional headband adjusted to maintain head orientation.
such that a line joining the infraorbital margin and external auditory
meatus was tilted downwards 30° relative to earth horizental, to bring éjj;
the major planc of the utricular macula close to the true herizontal. |
The subject wore blackout goggles behind which he wmaintained open

e&es. ™he right hand was located on a light-weight, short-throw,

three position switch, the mid-position representing zero response -
and the up and down positions signalling a subjective sensation of

the direction of acceleration. Ear muffs contailning earphones per-

mitted communication with the remote control cabin and attenuation . ;ffg

of external auditory cues. Provision was made to use white noise

REPRODUCIRILITY OF 1HE
. ' . ORIGINAL PAGE IS POUR }




for mésking troublesomé external soﬁnds, bﬁt in practice this proved
unnecessary. .

The additional head harnegs was introduced to avoid potential
accessory cues from pitching angulér movements of the head induced
by the ve;ticai‘linéar accelerations with head tilted.' The effective-
ness of this restraint was verified by means of a small, sensitive,
pitch-detecting gyroscopr mounted on a demtal biteboird. Preliminary
runs with three subjects exposed to the whoig range of the experiment
showed that angular head movements were usually undetectable and |
never exceeded # 0.5°,
| The main experimental series employéd 8 adult subjects with no
clinical abnormality. One individual held a private pilot's license
but was not currently flying. They were each exrosed on four occa-
sions to each of eight magnitudes of step change in vertical acceler-
ation. Acceleration magnitudes were all'véry low, ranging from 0,005
'g! to Q.OG 'a' as shown in the top row of Talle 1. The distribution
of acceleration magnitudes was chosen to concentrate recofdings in
that part of the data set where the most rapid change of response
latency with acceleration was to be eXpeéted from the previous hori- -
zontal acceleration data of Meiry (1965). An 8 x 8 Latin square
desipgn permitted exclusion of learning effects and also a détermin—
ation of whether practice during the experiment led to significant
shortening of respomnse latency.

ﬁll sﬁbjects were practiced over the range of the experiment
and informed of their performance during these runs. They were

required to flick the indicator switch as soon as possible after

deciding when an acceleration step had occurred, choosing up or down




switch movement according tao whetherrthe.sensed direction of accel-
eratlon was upwards or downwards. .Practice‘was continued until they
were satisfied that they knew what to do.

A potentially complicatiﬁg-factor was static friction of the
cab in-ité traclk, which could pro&uée a detectable jolt on commencing
an acceleration from rest. Consequently all test accelerations were
vepun at raﬁdomly chosen times after achieving a steady linear velo-
city of 2 ft/sec, which in turn was always attained by means of the
lowest controllable linear acceleration, namely 0.005 "g". However,
since cab movement was inevitably associated with some vibration, this
ﬁrocedure necessitated avoidance of a simﬁle relation between
direction of acceleration and any sensed increase or decrease in
vibration. This wag achieved by balancing the occﬁsions when a given
direction of acceleration stimulus would be associated with increasing
or decreasing vibration. L

Vertical acceleration was recorded from two linear accelerometers,
oneé on the cab and a two dimensional linear accelerometer fixed
firmly to the scalp. The head mounting was arranged so that one
degree of freedom paralleled the earth horizontal in a fore-aft
direction when the head was tilted 30° dowﬁwards and forwards. The
‘orthogonal axis was aligned with the true yertical. The system
allowed remote checking of the correctness of head position before
each rum, as well as readjustment of head position in the head-
harness when this proved necessary after vests between runs.
Simultanecus recording of cab and vertical head acceleromcters

showed that, apavt from some filtering of high frequencies between

the cab and the head, there were no significant differences between
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. the two accelerometer outputs. Also recorded in parallel with these

outputs was the subject's switch position and releyant system para-—
meters such as the servo command voltage, safety limiting control

3

outputs ahd actual cab position derived from a track potentiometer.

RESULTS

TFipgure 1 represents anm original record obtained from a single
test run. The upper trace is recorded from the vertically-oriented
linear accelerometer mounted on the head. Starting [rom rest, there
was an initial period of very low upward acceleration (A) at the

standard value of 0.005 'g' (0.16 ft/secz) until attainment of a

steady, or plateau, upward velocity «f 2 ft/sec. Then, after a

randomiy -nosen duration of between 4 and 10 seconds (b) the test
acceleration was applicd (upwards in this example) and mai :itained
(C) until after the subject had registered his response by flicking

the 3-way switch up or down (up in this example),. The response

‘latency was assessed as the time between initiaition of the recorded

test acceleration and the registration of subjective response. In
practice all records were tape recorded and these latencies werc

measured from records played back on a suitably expanded time scale.

insert Figure 1 about here
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Figure 2 shows the mean values of latency (filled circles .*
Standard Errdr) obtained in this way for éll subjects and all runs
at each of the eight acceleration mégnitudes: The values shown in
this figure are independent of whether the supject made g correct

or incorrect assessment of direction and, of course, only those

occasions when responses were indicated contribute to the curve.

In practice,and as will be described below, all s bjects responded |

t

on all possible occasions at acceleration magnitules above 0.015 'g'.

1
]
l
i
However, as shown in the middle row of Table 1, and as is to be ex- i
pected, progressively fewer test accelerations were detected as : § _‘%

accereration magnitudes decreased below this value.

insert Migure 2 about here .

The continucus line in Figure 2 shows the calculated least
squares regression line fitted to the average latencies according

to the hyperbolic relation

= y > .
T = B/A + lmin (for A > 0.005 g) _ (1)
where
T = mean measured response latency (sec) -
A = step acceleration magnitude ('g') -
Tmin = reaction time independent of A
B = slope of the regression line when plotting T agailnst 1/A
. r
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The close fit of this calculated regressioh curve implies that
the value of ‘B in equation (1) represént§_a meéningful constant.
The important feature of this conclusion ie that this constant has

the dimensions of linear velocilty, as is evident in the alternative

¥
3

form of the equation

B = (T - Tmin)!s - (2)

A reasonable interpretation, therefore, would seem to be that
over the whole range of this experiment, the value B represents a

consistent threshold linear velocity which had te be attained before

generation of a sensation of the changed movement. The calculated
. value of this velocity (B) for the regresgion curve of Figure 2 is
0.022 g-sec (21.6 em/sec = 0.71 ft/sec). Amongst the eight subjects
tested, the individual calculated vaiues of B ranged fiom 14.8 to
27.0 cm/sec (S.D. * 5.3).

Tmin in equations (1) and (2) is intefpreted as’the constant
residual reaction time for initiation of aechanical movement of the
"up~down" lever after perception of changed velocity. The calculated
value of this residual reaction time, Tmin’ was 0.37 sec., This
value is shown graphically as the dashed straight line in Figure 2,
representing the asymptotic limit of the calculated hyperbolic re-
gression curve.

In order to compare.ﬁhese results wth those of Meiry (1965),
obtained in a similar way for fore-aft horizontal accelerations,
his data has been re-fitted with a similar least squares hyperbolic

..

.. Frsd
regression curve which is drawn as the intermittent curved line in

ol
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Tigure 2. This curve is defined by equaéion (1) with B = 0.023 g-sec,
(22,6 cm/sec = 0.74 ft/sec), and Tmin = 0.76 sec. Thus the two sets
of data lie remarkably close to one'another3 despite the fact that
they were derived from different experiment; using diffefent sub-
jects, eqhipment and directrons o&'iiﬂear accéleratioﬁ. Both curves
can be well fitted h§'ca1culated hyperbelie regression lines, with

the common feature that the comscant "rhreshold" linear velocity

term, B, has dssentially the same value for the two curves. (For the

related experviment of longitudinal acceleration with the subject

supine, Meiry's (1965} data can be matched by equation (1) with

B = 0.033 g-sec (32.8 cm/sec = 1.006 ft/sec) ard Tmin = 0.76 sec.)
‘The values of Tmin differ somewhat from the Meiry experiments

to the present one. But, as alveady indicated, this term probably

corresponds to the time required to move the lever aftef reaching

sensation threshold, and would not therefore represent an integral

;component of physiolegical response to the acceleration per se.

Presumably the difference in Tmin between the two sets of data
could be accounted for by the different conditions of the experiments.
The similarity in the present results and those of Meivy was

unexpected in view of Lhe specific difficulty described by Maleolm

‘and Melvill Jones (19+4) in tracking vertical accelerative motion

when seated erect. Clearly the above results show that this dif-
ficulty cannot be attributed to a speeifically low sensicivity to

vertical acceleration along the Lody's long axis.

insert Table 1 about here

a
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An alternative explanation is suggested by.the results given
in Table 1. 'Here the middle row shows tﬁét, as expected, the per-
centage of failures to detect the presence of an acceleration stim-—
ulus decreased répidly to zero as the magniéude of the agceleration

v . -
increased. However, in marked contrast te this, the percentage of

“incorrect assessments of the direction of acceleration (bottom row)

remained essentially constant at about 30%, and was therefore in-
dependent of acceleration magnitude over the entire range of the
experiment. As discussed further below, there was a specific dif-
ficulty in detecting the direction of vertical accelerations imposed

along the long axis of the body, which was independent of the stimulus

* magnitude over the range investigated.

The statistical design of the present experiments also permits

.

investipgation of effects upon response due to .
a. practice during the trials
b, up-going or down-going directions of

acceleration, and
C. increasing and decreasing vibration
associated with the stimulus.
No statistically significant effecté'of any of these influences were

evident in the results.

.o
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DISCUSSION

The original objective of these experiments was to investigate
further a’" previously described difficulty in the subjectéve tracking
" of whole body vértical accelerative movement parallel to the long
axis of the body. The results in'Table 1 show that a similar dif-
ficulty was encountered in the present experiments. However, the
important additional feature emerged that this difficulty was iden-
tified specifically as a consistent uncertainty in the direction of
imposed acceleration, rather than low sensitivity to vertical accel-
eration. Thus Figure 2 reveals a rcmarkaple similarity in the
threshold sensitivity curves obtained from these experiments and

those of Meiry (1965) conducted with fore-aft accelerations, sub-

jects upright, in the horizontal plane.

insert Figure 3 about here

This similarity is highlighted by superpositiuon of the two data
sets as shown in Figure 3. Here the ordinate gives response times
for detection of vertical and horizontal accelerations after sub-

traction of the respective minimum reaction times (Tmin)} This

resulting response time {T - Tmin) is plotted against the inverse
of stimulus acceleration magnitude, so that a linear'(previouély
hyperbolic, Figure 2) relation is obtained. Clearly'there is no
»'signifi&ant distinction betweéﬁ the two dafa sets displayed in té&s

way (p < 0.05), the élopes of the two calculated regression linecs
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hair cell orientation (Spoendlin, 1968) and neural response (Fern- §

andez et al, 1972) appears to be predominantly vertical and hori-

zontal respectively in these two end-organ components.) The fact

that Young and Graybiel (unpublished) found that labyrinthine defec~
tive subjects had 8 td 15 timesothe normal threshold for: detection T

==

———

" of horizontal linear acceleration certainly implicates the vesti-

bular end-organ:as the predominant sensor at the low acceleration

anplitudes ewployed here. .

Giveﬁ the validity of this inference, the peculiar difficulty
of directional assesment associated with vertical movement suggests i
that despite similar sensitivities, there are nevertheless signifi-
cant differences in the neural mechanisms responsible for perception

of saccular and utricular semsory inputs. In their wmodel for static

orientation sensation, Young and Ormshy (1976) assumed 'a specific

uncertainty in the processing of certain information from the

.

saccules. However, at least in the cat, there appears to be no
significant differences in the numbers ané'sensitiviﬁies of central
vestibular neurones excited respectively by up and down going ver-
tical accelerations (Melvill Jones and Daunton, 1973). If this

is also true in man, then presumably the difficulty in perqeptual

interpretation of the central message could be associated with a

difference in the “need to know" about the direction of acceleration

in horizontal and vertical directions, rather than objective limit- T 4
; L
ations in the neuronal information available to the brain.

T

Of central-interest in this connection is the additional
-, .. * r
‘finding of these authors that there was alsc no significant dif-?

ference in numbers and sensitivities of vestibular neural units




being '21.6 and 22.6 em/sec for the vertical and horizontal data

.

respectively.

The possibility arises that the subjects' apparent insensitivity

to direction could be due to théir having responded simply to some
form of cBange-of vibration. A number of features, however, sug-
gest this is an.unlikely explanation. Tirst, if the subjective
response to‘acceleration carried goﬁd direétional information, then

since the sensory signal would presumably increase with inecreasing

acceleration magnitude, one might expect there would then be a cor—

responding reduction of the directional uncertainty, which there
ﬁas not. Moreover, similarity between tlhe present data and that of
Meiry (1965) over the whoie range of experiment is too close to
have been fortuitous as will be discussed below, aﬁd vet in marked
contrast to thé present results, Meiry's subjects were able to
detect direction with a high degree of certainty.

As pointed out in the Results, an important conclusion derives
from the faet that the constant B in equations (1)} and (2) has the
dimensions of linear velocity, and hence conceptually describes a
fixed velocity incfement threshold for the subjective perception

of the accelerative movement. The fact that this threshold value

proves to be statistically similar for both oricntations of movement

suggests similar sensitivities in vertically and horizontally res-
ponding sensory gystems. In so far as these can be identified pri-
marily.with the vestibular end organs, the finding Implies that
similar sensitivities are obtalned in the saccular and utricular

components of the otolith end-organs. (Direction specificity of

B i i
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responding to fore-aft horizontal and up-down vertical accelerations
of equal mapnitude. Turthermore, single central vestibular units
were found respondi. g in both orthogonal planes down to acceleration
magnitudeg at least as low as 0.005 g, which supports thq likelihood
that similar central meural responses would ﬁave been available to
our human subjects in fhese exper?ments.

The conclusion that threshold conditions are determined by the
velocity attained rather thap the acceleration amplitude over a cer-
tain acceleration range is closely akin to that associated with the

well known "MUlder product" (van Egmond et al, 1949) for the semi-

civcular canals., Thus, akin to these experiments, the product of

" angular acceleration and time~to-detect proves to be constant

(1.5 - 2.00/sec) over a wide range of suprathreshold step changes
of angulaer acceleration. Here again the implication ig that thres-

hold sensation is associated with attainment of a fixed change in

angular velocity, rather than the magnitude of the imposed acceler-

ation. Tor the canals, this conclusion is well matched to the
integrating characteristics of endolymph hydrodyuamics. However,

a mechanical analogy in the otolith organs, although suggested by

‘these results, is not currently available.
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FLGURES ARE BEING REDRAWH, AND ARE NOT AVAILABLE AT THIS TIME, -

FIGURE LEGENDS

1. . Records of stimulus (head acceleration) and response (subjective
response) from a sipgle test run., The initial acceleration (A) was
always 0,005 ;g‘, either up or do;n. ‘The plateav velocity (B) was
alwaﬁs 2 ft/scc eithér up or down. In this example an upward

t

g' was imposed after 10 seconds of platcau

-3

acceleration of 0.04
velocity, and correctly identified with a iatency of 1.1 seconds.

2. Relations belween response latency and stimulus acceleration
magnitude. The continuocus curve shows the calculated regression
hyperbola for the present results (0 = S,E.) obtained during vertical
accelerations. The dashed curve gives the correéponding hyperbela
calculated from the data of Meiry (1965) obtained during fore-aft,
head erect, horizontal accelerations. T = total respoﬁsé latency,

A = step acceleration, Tmin = calculated hyperbolic asymptote for
the present results.

3. Comparison of response times to vertical (0) and hofizontal (0)
accelerations, after subtraction of the calculated minimum reaction
times (Tmin in equations (1) and (2)). Mean response time in seconds
(ordinate) are plotted against the inverse of the acceleration stim-
vulus (gﬁl) in order to illustrate the closeness of fit of Lhese data
to the hyperbolic relation in equation (1). Continuous and inter-
mittent lines are calculated regression lines for the "vertical® and

“horizontal" data respectively.
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TABLF 1

«

Dependence of detectability of stimulus and directional assessment of acceleration upon stimulus

acceleration magnitude

STEP ACCELERATION

) "

% iy -
i.’
]

X
|

MAGNTTUDE 'g" 0.005 | 0.007 | 0.009 | 0.011 | 0.015 | 0.020 | 0.040 | 0.060
-3 W . <
# OF JIDETECTED 28 17 13 13 3 0 0 0
Z OF WRON -
e EUNS ASSESS 30 28 38 26 29 23 34 28
|
i
l
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