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HUMAN DYNaMIC ORTENTATION MODEL APPLIED TO MOTION SIMULATION

Work on this project has led to a Master's Thesis by

Jogshua D. Borzh. The thesis is abgtracted below.

Human Dynamic Orientation Model Applied to Motion Simulation

Joshua D). Borah

ABSTRACT

The Ormsby model of dynamic orientation, in the form of
a discrete time computer program, has been used to predict
non-visually induced sensations during an idealized coordi-
nated aircraft turn. It was found that attitude and angular
rate perceptions may be contradictory and furthermore, in a
three rotational degree of freedom simulator, it is impossible
to duplicate both simultaneously. To predict simulation fidelity,
a simple scheme was devised using the Ormsby model to assign
penalties for incorrect attitude and angular rate perceptions.
With this scheme, it was determined that a three rotatiomal -
degree of freedom simulation should probably remain faithful
to the attitude perception even at the expense of incorrect
angular rate sensations. Implementing this strategy, a simu-
lation profile for the idealized turn was designed for a Link
GAT-1 trainer. Use of a simple optokinetic display was proposed
as an attempt to improve the fidelaity of roll rate sensations.

Two open loop subjective tasks were designed, to obtain
attitude and roll rate perception indications. A series of
experiments were performed in our modified Link trainer to
test the effectiveness of the tasks and to check model predic-
tions and wvisual dasplay effects.



PROGRESS REFORT

INTEGRATION OF VISUAL AND MOTION REQUIREMENTS

TOR FLIGHT SIMULATION AND RIDE QUALITY INVESTIGATION

June 1976 through December 1976

The followaing report briefly summarizes the work carried
on during this period. Included are sections on visual cues
dn landing, comparison of linear and non-linear washout filters
using a model of the vestibular system, and visual vestabular
interactaons (yaw axis). One of the major accomplishments .of
this period was the completion of lfr. Joshua Borah's master's

thesis, a copy of which is being sent separately.



The subjective responses were self consistent, and
boih tasks are considered to be useful for obtaining low
frequency information. An unexpected difference was found
between subjectaive indications and model predactions for
the turn simulation. It can probably be explained by the
regponse lag imherent in the task (low bandwidth) plus con-—
sideration of dynamic detectzon threshold effects; but this
must be eclarified by further work. The optokinetic dasplay
was found to be insufficient to significantly improve roll
rate perceptaon fidelity an the turn simulation, probably
due to the short duration of the movements involved.

Although not designed for the purpose, the predetermined
simulation profiles were rated for realism by two palots. The
results did not contradict model predictions, although support
was weak. A dynamic simulator motion logic was proposed, in-
corporating the strategy derived from the model. Its use
would emable palots to “£ly" the simulator, and may provide
more comnvincing data for use in evaluating and revising the
fidelity prediction scheme.
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The Ormsby model%ef!dynamlc orientation, in the form of

a discrete time compunm%program, has been used to predict

non~visually dinduced sen'sations during an idealized coordi—

nated aircraft turn. It'was found that attitude and angular

rate perceptions may be;cqntradictory and furthermore, in a

three rotational degree off freedom simulator, 1t 1s impossible

to duplicate both slmultangpusly. To predict simulation £idelity,

a simple scheme was dgv1sed‘using the Ormsby model to assign

penalties for incorrect attitude and angular rate perceptions.

With this scheme, itjwas detérmlned that a three rotational

degree of freedom sifulation ‘should probably remain faithful

to the attitude perception even at the expense of incorrect

angular rate sensations. Implementing this strategy, a simu-

lation profile forfthe idealized turn was designed for a Link

GAT-1 traimer. Use of a simpleioptokinetic display was proposed

as an attempt to improve the fid%llty of roll rate sensations.
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Two open loop subjective taé%s were designed, to obtain
attitude and roll rate perception wpdications. A series of
experiments were performed in ocur modified Link trainer to
test the effectiveness of the tasks and to check model predic-
tions and visual display effects. N



VISUAL CUES IN LANDING

Introduction

The overall aim of the research is the development of
practical tools which can extend the state of the art of moving
base flight simulation for research and training. The immediate
goal is the determination of the relative importance importance
of various visual cues in flight simulation. The experiments
to be conducted for this research are intended to obtain the
perceptual response of humans to deviations from a nominal f£laght
path during landing approaches. An existing fixed-based aircraft
simulator s being modified to use a television projector with
which the subjeets will be shown recorded television images of
landing approaches. Verbal estimates of the magnitude of flight
path devlétlons will be made by the subjects, and this data will

be used to construct a statistical model of the subject responses.

Five subjects were run through the experiment to help
refine the experimental protocol, evaluate the video tape con-
faguration and qualaty, and provide preliminary data. The results

are given later in this report.
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Physical modifacations of the simulator room were
completed. These i1nclude the installation of the window
shade and door shades, construction and mounting of the
reflecting mirror for the projector, final positioning
of the cockpat and minor rewiring of the electronics rack
for a clearer field of view, and removal of the extra

pane of glass from the cockpit window,

Sideways shaking of the image was an annoying problem
in the preliminary tests. It was at first thought to be
due to mechanical problems in the Redifon at Langley, but
was eventually discovered to be due to electronic incompat-~
ibilaty between the Amphicon projector and the 1/2 anch
video tape format, (The Amphicon has a ‘slow' horizontal
AFC instead of the more modern 'fast' AFC.) The problem
was traced to the feedback loop around the horizontal oscil-
lator an the Amphicon sweep chassis, and has been largely
alleviated by modifying this carcuirt. The Amphicon will
be realigned before running any more experaments. Further

modification can then be done, if this proves necessary.

Current configuration of the video tapes is as

et

follows:



(1) Long orientation run (backwards)

(2) Long orientation run. nominal approach

(3) TFour scaling runs: minimum and maximum
deviations at each
distance

{4) Long orientation run

(5) Eight practice runs

(6) Long orientation run

(7 Cne hundred and twenty data runs

Separate scaling and practice runs are provided for
glide path and aim point tests. Criteria for the practice
runs were that they have equal numbers of positive and
negative deviations, large and small deviations, and short
and long distances (but not all possible combinations)
Also, deviations 1n the stimulus not being overtly tested
were kept to the minimum level. All practice runs were
presented in a randem order. The oviginal Langley tapes
were edited and copied to make a set of tapes in the cur-

rent configuration.



The original tapes were recorded at Langley on a Pana-
sonic NV-3020 video tape recorder. This type of récorder must
be started and stopped by hand and has no electronic switching
to avoid recording start—-up tramsients, so the control track is
destroyed between runs. During playback, there is insufficaent
time for the player to re-stabilize atself after the loss of
the control track, and the Amphicon projector cannot lock on
to the signal before the start of the next run. The resulting
degradation of picture quality, although lasting for only a
gecond or so, 1s unacceptable for such short and carefully timed
runs. Conventional video editing (such as is used for creating

the scaling and practice runs) often makes the problem worse.

In pranciple, "insert" editing should be able to solve
the problem by recording the old video signal, independently
of the control track, onto a tape with a brand-nev control track.
This method assumes that the editor's playing deck can provide
a usable video signal despite the damaged control track on the
original tape. A reliably functioning video editor capable of
performing good inserts (which require such refinements as
flying erase heads) has not been available to date, so the
insert method has not been properly tested. If this approach
fails, new tapes will have to be made. New tapes of different

landing approach conditions will eventually be needed anyuay,

7



and discussions of better methods of preparing them are in

progress,

When the original tapes were made, the gkyplate on the
Redifon simulator was not properly calibrated. The skyplate
covers the lens to show a blank 'sky', and is used to establish
the visible ceiling by being partially opened. Lack of cali~
bration caused this ceiling to vary from run to run, but cnly
one subject noticed this. It 1s not considered very important
as long as the entire runway 1s visible, whach is the case in

all of the runs on the current tapes.

Instructions to Subjects

.

The purpose of this experiment 1is to determine your
ability to detect errors in glidepath and aim point during
aircraft landing approaches The experiment has two sels
of vadeo~taped landing approach runs (To save tame, only
a short segment of each run 1s shown.) During each set,
you will be asked to estimate exther glide path or aim
point errors for each run. Both kinds of errors may occur
simultaneously, but you should estimate only the one asked

for. ©Since altitude along the glide path and aim point

J



miss distance depend on inatial distance from the runway, you
should base your estimates on the ANGLES of the glide path

and aim point vector errors (see description below).

Bach set of runs begins with two orientation rums to
show you the touchdown point and a correct approach. Four
scaling runs follow to show you the largest errors in that
get for either glide path or aim point. You should eall the
maximum positive and negative errors "+10" and "-10" respec-
tively, and estamate all other errors in terms of the -10 to
+10 scale. For example, a positive error half as large as
the maximum should be called +5. Except for orientation runs,

there are no normal approaches (with error equal to zero).

The "glide path™ 1s the path through space that would
take you to the runway touchdown poaint. The correct glide
path 1s the "glideslope", which here mzkes a 3° angle to the

horizontal.

For any given glide path error, the difference in
altitude will change with the distance from the runway, so
you should estimate the ANGULAR erxror of the glide path (the

glide path error angle).

J

Jo



The "flight vector" is the direction you are moving
1n  through space. The "aim point" is the place on the
ground that you will reach if you continue along your present
flaght vector. The correct aim point 18 simply the runway
touchdown point; to reach it, the flight vector must exactly

align wath the glide path.

In an actual aircraft, only the instantaneous flight
vector angle can be controlled directly, not the ultimate
aim point, and this experiment is set up accordingly. TFor
any given flight vector amngle error, the ultimate touchdown
point depends on the inztial distance from the runway. Also
the absolute size of the aim point error s not symmetrical
for imatial symmetrical flight vector angle errors. So you
should estimate the error of the flaght vector ANGLE, rather

than the ground dastance of the resulting aim point.

Note that 1t is possible to reach the correct touchdown
point, even 1f the glide path 1s incorrect, and that the aim
point can be in error even if you start out on the proper giide-
slope. If the flight vector is not aligned wath the glade path,
you may notice a slight change in the glide path during the run.
If so, simply estimate the average glide path (or aim poant),

or that at the middle of the zum.

V4



A score of your performance during the test will be kept.
You will not be scored on correctly estimating the exact size
of the error, just the right directiom (+ or =). Your score
is simply the total number of estimates in the right direction.
Your score does not represent your actual abilities as a pilot

in a real aircraft and wall be kept confadentaal.

The runs average about 8 seconds long each, with 3 seconds
between runs, so you should make your estimates quickly. You
w1ll have 8 practice runs, and you may repeat the scaling and

orientatzon runs if you wash.

Method and Preliminary Results

The current experimental setup is as follows:

Glidepath: 3° nomanal
#0,5°, +1.0° deviations

(£1.5° training)

Flightpath* 3° nominal
+0.6°, +1.2° deviations

(x1.8 training)

Distance: 3000 ft, 6000 ft

7/



The glide path 1s the vector from the aircraft to the
desived touchdown point on the runway. The flightpath is

the velocity vector of the aircraft.

Subjects are asked to give verbal estimates of the
magnitudes of deviations on a subjective scale of -10 to +10,
corresponding to the maximum deviations seen during the train-
ing runs. Each subject estimates either glide path or flight

path, but not both, during any particular experiment.

A statistical model of the responses is constructed along

the following lines:

Response = Mean + (Glide path) + (Flight path)
i + (Distance) + [...interactions...}

+ error

The model 15 not intended to establish any cause and effect
relationships, but to establish instead the relatave importance

of the different visual. stimuli.

For each experiment, ve have the following stimuli:
4 glideslopes x 4 flaghtpaths x 2 distances

% 3 replications = 96 stamuly

J4-



Each subject sits through two experiments, one for glideslope

and one for f£lightpath.

Plots of some of the results from a preliminary set of
experiments are shown in the following figures. The actual
magnitude of the deviation stimulus 1s gaven by the horaizontal
scale; the subject's response to that stimulus {(as derived
by the statistical model) 1s given by the vertical scale.

The sigma bars, where present, represent *1 standard deviation
of the "error™ in the response which could not be statistically

explained by the model.

Keep in wmind that the plots represent partial data from
preliminary experiments. The subjects had different backgrounds
of flight and simulator experience and variations in the experi~
mental protocol were tried out. The plots were used praimarily
to test the application of the model, and do not all correspond
to the same statistical confidence level or include all signa-
ficant interactions. Nevertheless, they should give some inda-

cation of what the final data may look like.
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COMPARISON OF LINEAR AND NONLINEAR WASHOUT FILTERS USING

A MODEL OF THE HUMAN VESTIBULAR SYSTEM

The purpose of this portion of the research s to
discover vhat information the model of the human vestibular
system can give about the effects of washout filters on a
pilot's perception of motion. A qualitative evalutation of
linear versus non-linear washout filters as used an an air-
craft simulator shows that the non-linear filter provides a
"better" representation of actual motion than the linear
filter. Thas subjective pilot response seems to be due pri-
marily fo the fact that the non-linear filter elaminates the
false rotational rate cues presented by the linear filter.
Hopefully, the model of the vestibular system will allow
more objective results to replace the rating of "better",
thereby providing a more quantitative method for predicting

simulator performance.

The model of the vestibular system, in i1ts present form
as developed in the Man—Vehicle Laboratory, exisits ag a FORTRAN

program with a very limited input/output format. The data, as

| 20
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recorded during the subjective tests at Langley, does not com-
form to that format, so the following changes are being made

to that program:

(L The program must, for convenience, run on the
Laboratory's PDP 11/34, Since it was previously
run on the IBM 370, this reguires only a few
modifications to the code. These changes were
made and the program is nov operational on the
PDP 11/34.

(2) The input format must be made more flexible,
not only for the sake of this project, but for
future projects as well. The program is in-
flexible mainly because the state tranmsition
matrices and Kalman gain matyrices are pre—
caleculated for a state transition matrix update
interval of (.1 second and a Kalwman filier update
interval of 1 second. If different update inter-
vals are desired, these matrix values must be

recalculated before the program is used.

This continued reca%culatlon doesn't make much
sense in light of the new uses of the program.
Therefore, the program will be changed to accept
as input the two update intervals. Then the

program would calculate the matrix values and

2/
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proceed as before. 1In order to accomplish this,
1t 1s necessary to determine how these matrix
values were first calculated. Then a subroutine
must be added to the program to calculate the
values, given the update intewxvals, This has

been completed.

(3) The output, 1n 1ts present form, consists of
pages and pages of data describing the various
responses of the vestibular system. Since the
PDP 11/34 1s equipped with a wide variety of
graphics capabilities, at 1s desirable to display
this data on graphs., rather than by hand plotting
of the printed data. This part of the conversion

1s not yet complete.
Once the graphics changes are made to the program, it

will be ready to interface with the data, and the analysis of

the results can begin.

A



VISUAL-VESTIBULAR INTERACTIONS (YAW AXIS)

Effort during this reporting period has concentrated on modelling
rotational motion sensation dependence on visual and vestibular cues,
with exclusive concentration on yaw rotation about an earth-vertical
ax1s. The primary results discussed below include. a) the propesal
of a velocaty draft model which helps explain low frequency drift
observed during certain visual field presentations; b) a parallel
channel visual-vestibular model which extends the earlier results
obtained from combined input experiments; ¢) a human operator model
appropriate to the wvelocity nulling task used to measure sensalions;
and d) a remnant correction technique useful for cbtaining a moxe
accurate estimate of the human operator's linear characteristics.

This progress report is divided into 7 sections. Sections 1 and
2 discuss velocity drift results obtained an a velocity nulling experi-
ment obtained under two different visual field presentations: a field
fixed with respect to the observer, and one moving at constant velocity
with respect to the observer. Section 3 then presents some very simple
functional models censistent with this observed drift behavior. To
extend the visual~vestibular model xeporied on in the May progress
report, section 4 proposes and describes a dual~input parallel channel
model, and develops the equations necessary to extract the model charac—
teristics from the experimental data. Section 5 describes some of the
results obtained {rom a dual-Input velocity nulling experiment, and

presents Bode plots defining the human operator’s combined controller/

A3
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estimator describing functiouns, appropriate to a parallel channel
structure. Section 6 then proposes how the control portion of the
operator's transfer function can be divaded out of the dual-inpul
results, and section 7 presents various estimates of the inferred

estimator describing functions resulting from such an approach.



1.0 VELOCITY DRIFT WITH A FIXED VISUAL FIELD

Review of previous data obtained fxom the farst two series of
closed-loop velocity nulling experaiments and the results from a thard
series of simzlar experiments suggest that the velocity drift charac-
teristics reported in the May progress report be amended. Specifacally,
it should be notad that:

a. The latencies and dual ramp drift characteristics illustrated
in fagure 2C of the May progress report should be discounted, since they
may simply be an artafact of the drift measurement technique applied to
the strip chart histories. It has been found that computed values are too
sensiltive to slight variations in fitting the data in a precewise linear
manner. A more conservative approach has since been taken, in vhich only
one sirazght line 1s used to approximate the drift rate resulting from
each fixed field presentation  Such an approach is considerably less
sensitive to variations in the fitting procedure, and has been reapplied
to all of the presentations obtained in the second series of experiments.

b. The drift wate statastics given in figure 2C of the May progress
report should also be daiscounted, since they were obtained by pooling the
results of a relatively well-controlled experimental series ( Series TI)
with those of a pilot series (Series I ), and the latter did not incorporate
an adcquate balance for presentation order, fatigue, and learnang the task.

The results prescnted here were obtained {rom two experamental sexries.
~ One has already been described in the May repoxrt (series II) and was the

source of the describing function (DF) data presented there. It suffices

24

27



20

to note here that the subject used a spring-centered stick for subject
control of velocity. The other series (series III} was a duplicate,
except that a control vheel affording no centering cues was substituted
for the stick., Thus, the effect of possible centering cues could be
investigated by comparing the results of the two experimental series.
Both experiments were properly balaznced as to the order of stimulus
presentation, and the drift measurements were obtained by using a single
strazght line to f£it the data.

Both series used the same sixn subjects: four received 2 TFIX
presentations (that is, a presentation of a visual field fixed with
respect to the subject, lasting 128 ssconds), and two subjects received
3 FIX pregentations. Thus, in each series, there were 14 opportunities
to observe possible velocity drift in the subject responses.

In the first series using the control stick, there were 8 instances
of observed drift, and 6 no responses (NR) observed, within the accuracy
afforded by the strip chart recording. Counting cach NR aék;_b.oolsz

draift rate, the population statistics are given by.

Stick control: ul = 0.0040182; cl = 0.0410/52; Nl = 14 (la)

A {~test shows that the mean ul 1s not significantly different from zero
{p > 0.5), whach 1s what would be hoped for, since a significant non-zero
mean would suggest a directional bias in the experimental equipment, pro-—
cedure, and/or subject population.

We can now ask the following question. Is the self-centering property
of the stick affecting the measured population response by providing a cue
as to vhere the null 1s8? Or, stated differcently, are the subjecls using

the stick centering cue to augment their perception of the low-frequency

motion cues? c>:2£;;
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With the experamental gseries repeated using the non-centering wheel
as a control element (seraies ILI), there were again 14 opportunities to
observe velocity drift. Actually observed were 13 cases of drift and
one no response (NR). Again, counting the NR as a 0.00/32 drift rate,

the population, staristics are given by:

wheel control: Hy = 0.0150/52; Oy = 0.0500/32; N2 = 14 {1b)

As wath stick control, 2 t-test shows that the mean drift rate i1s not
significantly daifferent from zero, suggesting the absence of a directional
bias. Of more interest, however, 1s the question concernang a different
population respomse dus to wheel versus staick control. Comparing the
statistics of (la) with those of (Ib), we fand that an P-test on the
variances shows them not to be significantly dafferent (p > 0.2), so thet
we can pool them (Gp = 0.0460/52) and use a t-test or the means. We fand
that the means are also not saignificantly dafferent (p > 0.5), so that
this statistical measure shows no difference between wheel and stick conitrol
Perhaps, however, this conclusion 1s biased by the fact that the NR's
of each series were included to arrive at the means and variances of (1).
By oxeluding them, and samply looking at the draift statistics of the

responding population, we find the folloiang:

N
i
1l

stick control: ul 0.016; o 0,052; N 8 (2a)

1 1

0.056; N, =13 (2b)

i

wheel control. Uy = 0.006; o,

An ¥-test shows the variances to be not significantly daffercnt (p > 0.2),

so that we can pool them (Up = 0.0540/52) and use a t-test on the means.

27
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Again, we find thatthe means are also not significantly diffevent {(p > 0.5)
so that even excluding the NR's from the data, we find no significant dif-
ference between wheel and stick control, by these measures.

What should be obvious at fﬁls point, however, is that the number
of NR's observed with wheel control (1) is quite a bit smaller than the
number observed with stack control (6). To test the significance of

this observation, we use a contingency table and the xi~test:

Stick Wheel

Draift 2 _
occurred 8 13 Xy 4.76
No drift 6 1 =p < 0.05
occurxed v =1

Thus, there is a significant difference between stick and wheel control,
in terms of the number of times zero drift (NR) was observed. The sug-
gestion is that the stick provides centering information which completely
suppresses drift in some cases, although the average drift rate 1s in-
dependent of the type of control used.

Since the statastical tests done above on the means and variances
of the draift rates showed no signaficant differences between stick and
vwheel control, it seems reasonable to peol the data. OFf interest, then,
15 the manner in which the NR's are handled. If we assume the one NR
observed with wheel control is a legitiwate case of zero drift, uncor-—
rupted by a controller centering cue, then we are obliged to include it
in the population results. This is not unreasonable since it seems
safe Lo assume that no controller centering cues were possible wath

the vheel control.

n
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Turning now to the NR's observed with stick control, one approach
1s to simply exclude them all, on the basis of possible response cor—
ruption due to centering cues. ?he corresponding contingency table
test results 1n a xi value of 0.39, é considerable reduction from the
4.76 value obtained above, and suggests that this is the proper direction
in vhich to proceed. Imcluding only one of the NR's observed during stick
control results in a xi value of 0.311, and including two NR's results 1n
a XE value of 0.88. Including additional NR's only increases the xi
value, thus, the minimum xi value 18 obtained with one NR included in
the stick responses.

For the results of the two experamental series to be mosi congruent,
in terms of NR occurances, at is clear that a contingency table test should
result 1n a minimum XE value. Thus, the decision may be made to eliminate

5 of ithe 6 NR's obtarned under stick control. When the data 1s so ediated,

keeping one NR from each series, the following statistics.result:
. _ o, 2 _ en0; 2 _
Drift zmate:r u=0.011/s"; o =0 050 /s~, H =23 (3)

A t-test shous the mean to be not significantly different {rom zero (p > 0.5),
as expected.

To gain an appreciation for the magnitude of the draft rates observed
under fixed-fireld presentations, we ecan Jlook al the stataistics of the

absolute values of the pooled stack/vheel data.

i

Drift rate (magnitude): U = 0.0430/52; g = 0.0270/32; N=23 (&

These drift rate magnitudes are well below accepted threshold values for

C
vaw axls earth-vertdcal rotation (= 0.10 /52) and thus are consistent viih the

27



[
-

notion that the subject is completely unaware of his drift acceleration
when deprived of wvaisual motion cues.

A summary of the above results is presented in Figure 1.

A final note concerning the statistical characteristics of the
velocaty drift rates concerns the normality of the pooled data. Shown
in Figure 2 is the cumulative frequency distribution (CFD) of the draft
rates normalized with respect to themean and variance of (4); super-
imposed on this experimentally derived curve is the CFD for the unit
normal distribution, N{0,1). Use of Kolmogorov-Smirnov test for normality
strongly rejects non-normalaty, so that it 1s not unreasonasble to conclude
that velocity draft rates, caused by visual motion cue deprivation, are
normally distributed. This will be contrasted to the results presented
below, concerning drift rate distrabution observed with subject performance
during presenfation of a constant velocaty (CV) visual faeld.

A functional model of angular velocity perception incorporating

the above-discussed drift characteristics will be presented in a later

section, after discussion of the CV results.
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2.0 VILOCITY DRIFT WITH A CONSTANT VELOCITY VISUAL FIELD

The effect of a constant veloeaty (CV) vasual field presentation
on sebject performance in the closed-loop velocity-nullang task has
already been qualitatively described in the May progress report. Braefly,
1t was found that relatively large velocity drifts vere observed during
such presentations, and that draft always was in the direction of visual
field motion. Gaven below 1s a more quantitative descraption of these
drift responses.

During the course of the previously-described velocity-nulling task,
a constant velocity (4°/s) righit-moving peripheral visual field was pre-
sented to the subject. Velocity drift measurements were made on the
ensuing subject responses, using the single straight Iine fit noted an
the previous sectaon. As in the case of fixed visual field presentations,
IWO series were ¥um: one usiug seli-centering staick control (series II)
and the other using vheel control (series 11I).

Both series used the same six subjects. four received 2 CV presen-
tations (that is, a presentation of a wviasual field moving at a constant
velocity walh respect to the subject), and two received 3 {V presentations.
As with the FIX presentations, there were thus 14 opporiunities per series
to observe possible velocity draifi in the subject responses.

Out of a total possible 28 occurences of drait, there were observed
27, vith one case of severe disorientation and subsequent inconsistent

and task-unrelated response. This case has been eliminated from the data

23

base whose statistics are given below:



stick control: y, = 0.2610/52; o, = 0.1410/92; Nl = 14  (la)

0.3280/32; o] 0.2650/32; N, 13 (1B)

il
i
il

wheel control: U, 2

-

As in the preceecding section, we can ask 1f stick contrel results
in sagnificantly different subject responses from those seen with wheel
control. It should be eclear that they are equaivalent in terms ol not
suppressing drift responses, this xn contrast to the large numbers of
NR's seen with stick control and a faxed visual field presentation as
noted zn the preceeding section. What remains then is to compare the
statistical measures above,

Comparing the statistics of (la) with (1b), an F-test on the variances
shous them to be significantly different (p < 0.05). A Welch t~test, how—
ever, shows that the means are not significantly different (p > 0.5), and
one is thus motivated to pool the data for the two control methods, in
spite of the varzance differences. The pooled data for CV presentation

velocity drift rates are then characterized by the following statistics.

2
drift rate(CV): u = 0.203%s%; o = 0.200%s"; N = 27 (2)

It should be recalled that since all of the observed drifts were in the
same direction (following the darection of the visual field motion),
these statistics also apply to drift rate magnitudes. It is also appro-
priate to recall that these statistics apply to the sangle stamulus
magnitude of a 40/5 right moving visual field.

A simple t-test on the pooled statistics of (2) show the mean drift
rate to be significantly different from zero (p < 0.005); this is to be

contrasted to the approximately zere drift rate seen across the population

in response to a fixed-field presentation. Turther contrast between the

Y,



responses to the two visual field environments is provided by comparing
drift rate magnitudes. From (4) of the previous scction, fixed-field

draft was characterized by:
Draift rate magnitude (FIX): U = 0.0430/32; o = 0.0270/32, N = 23 (3)

An F-test on the variances of (2) and (3) above show a highly saignificant
difference (p < 0.001}), as does a Welch t~test on the means (p < 0.005)
Thus we are led to conclude that draft rate magnitudes resultang from a

CV vaisual faeld presentation are significantly different from those seen
during a FIX presentation.

Also of interest xs the fact that the mean CV draft rate of approxi~
mately 0.30/82 1s near three times the accepted yaw axis earth-vertical
rotational acceleration threshold, suggesting a strong modulation of
"vestibular" thresholds by visual inputs. A qualitative discussion of
how such a drift rate can arise and remain undetecled by the subject is
given in the May progress report; a slightly more quantatative functional
model is presented in the next section.

A summary of the above findings is presented in Figure 1

A fainal note concerning the statistical characteristics of the
velocity drift rates concerns the normality of the pooled data. Shown
an Figure 2 1s the cumulative frequency distrabution (CFD) of the draft
rates normalized with respect to the mean and varzance of (2), presented
in the same format used previously for the FIX drift rates. As before,
use of the Kolmogorov-Smirnov test {or normality requires us to reject
non-normality (p > 0.2). Comparing this figure with the one drawn for
the FIX drift rates (Faigure 2, last sectaon), however, suggests that the

CV drift data is "less normal', because of the late rise and slow tail off

38
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FIQURE | ¢ VELOCITY DRIT® WITH CONSTANT VELOCITY VISUAL FIELD
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of the CFD. We are thus motavated to look at the log of the data, and

the normalized CFD 1s plotted in Figure 3. Comparing this with that of
Fagure 2 shows that the CV draft rate i1s more accurately described as a
log=normal random variable, rather than & normal random varaiable. How

this 1s to be interpreted is, at present, unclear, although 1t may sug-
gest that some Weber lav estimation process is at work within each in-

dividual's response, and as somehow reflected across the population

respomnse.
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3.0 VELCCITY DRIFT MODELS

The previcus twvo sections have discussed the statistical charac-
teristics of velocity drift incurred by subjects during the task of
closed-loop velocity nulling, when presented with two types of visual
motion cues. This section will now present very simple functional
models of the human operator which are consistent with the observed

drift behavior.

3.1 Farzed Visual Taeld

As discussed in the May progress report, past investigators have
-attributed velocity drift arising out of a velocity nulling experiment
(vith visual motion cue deprivation) to be a characteristic primarily
associated with the vestibular sensory channels. TFunctaonally, this
is an appealing interpretation because a very simple model can be
constructed which is consistent with the observed drift and wiath the
generally accepted properties of the vestibular sensors. Shown in
Figure 1 1s such a model. a bilateral model of the two horizontal
semicilcular canals, whose outputs are differenced to provide an estinate
of head angular velocity. Note that both canals are characterized as
identical Jinear bandpass filters om velocity, but differang in DC gaip
and output bias.

=

Shortly it will be shown that a simple constant offset in the
estimate © is sufficient to give rise to the draift behavior seen im the
experiments. In particular, if a non-zero estimate # can be generated
by the model of Figure 1, in the face of an angular velocity ® which is
actually zero, then it is a fairly direct matter to predict veloeity drift

in the closed~loop velocity nulling task. Of interest now is to see hovw

V%4
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an offset can arise from a model parameter imbalafice: . From the figure,

the angular velocity estaimate is given by.

(X,-K)s
)+ LR KL w(s) (1)
(Tls+l)(T23+1)

wls) = (bR - by

It should be clear that i1f the bias terms are equal (bR = bL), then a gaan
imbalance (KR:# —KL) is not suificient to provide a non-zero & when w is
actually zerc. HNeilther 1s 1t necessary, since & DOR—2ZEro @ can be samply
obtained vhenw s zero by having the biases unequal (bR # bL). Thus 2

gain ambalance 1s irrelevant to a discussion ol a steady offset in the

velocity estimate, and for simiplieity we can assume a gain balance:

K, = <K = K1/2 (2)

so that (1) simplafies to the standard "cyclopean" canal model, with

bias:
Kls
B(s) = w (s) + w(s) ; (3)
(Tls+l)(T25+l)
where the bias velocity is defined by
@ =b. - b (4)

The functional model corrcsponding to (3) and (4) is sketched in
Tagure 2, and will be used in the sequel.

Now to show how such an angular velocity bias can give rise to
the drift observed an the velocity nulling task, il is necessary to
refer to the loop diagram previously presented in the lay progress
report and repeated an Faigure 3. Since we are presently considering

the purely vestibular situation, in wvhich the subject is presented

A
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FIGURE 3 = Veloc‘dy Nulling Task Loop Diagram
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with a stationary visual surround, the estimator block E(s) can be
replaced by the vestibular model of Figure 2. Furthermore, as will be
discussed at greater length i1n section 6, the control strategy

C(s) can be approximated by an integrator with gain, or:

C(s) =K /s (5)
C

Sample bloeck diagram arathmetic then vields . the{ollowing expression
for the angular veloecity, w, resulting from the subject's remmant, n,

has vyestibular bias, wb, and the input disturbance, d:

G

T RoeET {Kn - KCw, + d} (6)

wis) = Y

where E' 1s the linear portion of the vestibular estimator:

E'(s) = Klsﬁ@Tls+1)(Tzs+l)} (7)

Since we are interesied 1n low-frequency behavior (specifically, drifc),

ve note that-

lim E'(s) = Kls (8a)
s+0

Yurther, the trainer trans{er function as unily al DC, so ihat

lim G(s) = 1 (8b)
530

Since thedisturbance d(t) 1s a sum of sinusoids (as described in the May
progress report),

Iim d(s) = 0 (8c)
s+0

Finally, i1{ we assume the remnant to have no pouwer at zero frequency, then

1im n(s) = 0 (84)

) %
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Substituting (5) and (8) anto (6), we find the low frequency portion of

the angular velocity signal to be given by:

"‘KKC (f)-b
1im ©(s) = lam (—p——)—2 {9")
50 50 1+KLCK1 S

where we have used the fact that the bias oy is a constant over taime,

so that

mb(s) = wb/s (Ge)

In the time domain, then, (9) implies that, due to the velocity estimate

bias wb, the subject will continue fo accelerate at a constant rate, has

angular velocity being given by:

wlt) = - —S— w & (FIX Draft) (10)

assuming zero initial conditaons. The minus sign, of course, implies

that a positive (rightward) bias wall give rise to a negative (leftward)
draftl. Thus, the simple cyclopean vestibular model, modified with the
addation of a bias on the oulput, appears to be an adequate descriptor
of subject performance when one 1s deprived of visual motaon cues on the
velocity nulling task,

Presumably, the estimator bias wy for an individual could be inferred
from (10} by measuraing the drift acceleration and by estimating the aindi-
vidual transfer function pains K, K.c and Kl. The same could be done for
the entire populatlon, but it is simpler to recognize from (3) of section 1
that the average drift rate w is zero over the population. Thus, from
(10), the average velocity bilas Eb over Lhe pepulation must alse be zero,

since KKc has always been found to be non-zero (see sectlon ©), Estimation

#E



of the variance of w, from draift rate measurements is, of course,

b

complicated by the unknown statistical properties of the gains in

o). .

One {inal qualitative asp?ct of this bias model 1s worth noiing,
and concerns the subject's percexved veloecity while engaged in the
velocity nulling task. His estamated velocity @ 1s neither zero nor
w, , but an i1ntermediate value found by substituting the transform oi
(10) into the cyclopean canal model of (3), to yield:

t K. s -KK

A~ b l C l
B, () = lam — {1 + {= } =1}
LF g S (T Ls—{-l) (T 2s+1) 1 H{KcKl s

where the subscript LF andicates that we are interested in the low
frequency portion of perceived velocity. The above expression simplifies
to yield the follovang relation between bias velocity and perceived
velocity:

~ 1
b

LF ~ 1+KK K. %b (1)
c 1

Thus, the subject perceives that he is moving at a constant velocity,
and hence ic oblagated to provide a compensalory control stick deflection
to null at, thus leading to the eventual acceleration drift seen in the

records. Note that his perceived velocity &__ 1s simply the bras veloecaty

LF
attentualed by the closed loop gain, so that indivzduals with higher loop

gains vall tend to have lower valucs of perceived velocity, and vice versa,

assuming other factors remain equal between subjects.

3.2 Constant Velocity Visual Field
To this point, we have been concerned with the drift incurred wath
a fixed visual {ield (FIX); a samilar argumeni can be made to help under-

stand the cause of drift under constant velocily visual Field presentation (CV).

2%



Shown in Fagure 4 i1s perhaps the simplest possible parallel channel
visual~vestibular model, in which it 1; presumed that visual surround
velocity contributes only to the low frequency portion of the angular
velocity estimate, in a linear manner. Some justification for this
model has already been given in the May progress report; more will

be gaven in a later section describing an experiment whose goal is

to determine the components of suchaparallel channel wmodel. TFor now,

it suffices to note that the velocity estimate from this model 1s

given by:

K.s
Bs) = w () + Ky, (s) + 1 w, () (12)
(Tls+l)(T25+1)

vhere ml and m2 refer to vestibular and vasuzl field velocatries: -res—

pectively. Note that by defining

1 = -
CNEEN ¥ K2m2 13>

the equation is identical to (3), the biased estimator for the purely
vestibular situation., Thus, the same low-frequency deravation 1s
15 applicable and (10) can be used to describe the CV-induced draifi

rates seen experimentally, with w, in Lthe equation replaced by wﬁ above, or
KX

-
w(t) = - 7 +KKcKl(wb + Ko, )t (CV drafi) (14)

77
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In the previous section it was noted that all CV-induced drifts
were observed to be in the same direction as the stimulus visual field
velocity. What thas suggests is that the visual field effect is large
with respect to the (balateral) vestibular offset term., This is seen

fairly darectly by recasting (10) and (14) in terms of drift acceleration

levels:
EOFIX = o, (2)
(15)
Ooy = Ay + Kouw)) = wppy AR w, ®)
where A is defined by
—_ K'KC
R (167
¢l

But, from the previous two sections, the average drilt accelerations wvere

. o. 2 B
wFIX =z 0.04 [
v o, 2 an
Woy 0.29 /s

So that inspection of (15b) would lead one to conclude that, over the

population,

w, << Kow, (18)

that 1s, the vestibular bias veloeity 1s small wath respect to the CV-
induced velocity semsation. It should be recognized that this conclusion

is applicable to the partaicular value of w, used in the experiment, a

2
o .
4" s right-moving visual field, and lower field velocities may not allow

similar conclusions to be made.

4



4.0 PARALLEL CHANNEL VISUAL~VESTIBULAR MODEL

The previously described velocity-nulling experiments (series T,
IZ, and III) looked at closed-loop velocity conirol in the face of a
vestibular disturbance combined with one of three types of visual
surround environments: a counterrotating visual Lield (CON) whach
exactly confirmed vestabular inputs, a field stationary wilh respect
to the subject (FIX) whach provided no visual motion cues, and a
field movang at constant velocaity with respect to the subject (CV)
which induced circularvection sensations.

The results, analyzed in both the time and {requency domain,
support the notion of a frequency separation of visual and vestibular
inputs, where the visual cues provide the steady state or low frequency
cues, vhile the vestibular cues provide complementary high frequency
or transient information. The human operator describing {unction was
calculated for each of the three visual field conditions and was
modelled as a lag-lead function whose parameters were dependent on
the particular field condition (see May progress report).

The describaing function iiself relates actual trainer motion to
the subject's coétrol staick/wheel output, and thus can be viewed as a
"vestabular" transfer function whose parameters depend on the parti-
cular visual moiion cues being presented to the subject, This, of
course, assumes that the subject's control strategy for nulling per-
ceived motion 15 essentially unily throughout the frequency range of

interest; this subject waill be addressed later in section 6.

50



In order to lock mole closely at vhat is essentially a dual-input
problem, a parallel chamnel estimator model was proposed, and another
experimental series (IV) vas initiated to see 1f such a model could explain
in greater detail how visual and vestibular inputs are combined to
arrive &t a sensation of motion. The approach is to work vith two
describang functaicns: one relating trainer velocity to wheel output,
and the other relating visuval field motion to wheel ocutput.

In the previous three series, noise was injected anto the trainer
loop so that the subject would be obliged to provide compensatory
stick or wheel deflections to null his perceived angular velocity.

In the present dual-input (DI) series, noise is also injected into

the visual field loop, so that any visually-induced motion sensation
must also be compensated for by the subjeci. By choosing the two
disturbances to be independent of one another, it is impossible for the
subjeet to perform both nulling tasks at once. By examining the resulls
1n the frequency domain, it then becomes possible to see vhat cowponents
of the subject's respomse are due to vestibular inputs, and vhat are due
to visual inputs, Trom this, one can iunfer a DI descrabing funcilion
model of perceived motion. From experience with the previous series, in-
jecting noise Into the trainer loop (vestibular path) Is fairly straight
forvard: simply sum it with the subject's wheel signal prior to :
belng sent to the trainer drive civcuitry. The same approach can be
taken for the projector loop (visual loop): sum a second noise signal

with the wheel signal and send thas combaned sagnal to the projector

&/

drive circuitry.



A functional block diagram of the overall system, including a
conjectural dual-input model of the hugén operator, 1ls shown in
Figure 1 . The two injected noise signals are denoted by dl and
dz, and the wheel signal A is shown as an input to both the visual
and vestibular loops  Tor thas series and others following,
wheel control was used to avoid possible cemnteraing cues provided by
the spring loaded stick. Twuo points should be noted First, the
sign of the vheel signal 1s changed vhen it is sent to the projector
drive, to make the resulting visual f1eld motzon consistent with the
trainer motion. Thus, a right wheel motion resulits in a right irailner
motaon and a left visual field motion; i.e. analogous to the counter-
rotating field situation of the previous three seraies. The second point

to note 1s the additaon of a prefiliter, T i the visual faield path,

2!

necessary becausa the projector draive alone, G,, has a relatively high

23
bandpass compared to the bandpass of the filtered trainer transfer

functaion, By choosing F,_ so that

P16 2

F G = F,6, (3P)

then, in response to the subject's wheel deflections, the visual faield
motion will mimic the trainer motion, exhibiting the same amplifude
attenuation and phase lag over the frequency regime of interest  Another
way of saying this, 1s, that, ain the absence of any noise injected into
either loop, the visual field motion, 1n response to the subject's wheel
deflections, should be andistinguishable from the counterrotating visual
field motion used in the previous experimental series. Thus, the pre-

filterx F2 helps make the visual ficld a more compelliing motlion cue.

bl
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A linear model of the subject, interfaced with the experimental
apparatus, isdiagrammed in Fagure 2, Here, 1t is assumed that the
visual and vestabular channels work in parallel, wath their outputs
summed to provide an overall estimate of self-motion. This is the
same approach used in the veleceity draft modellaing of section 3,
but is to be contrasted with the single channel "vestabular" model,
augmented by visually-induced parameter variations, derived from the
results of the previously described experamental series. As before,
an internal model of zero perceived velocity is assumed to be a
set—point (&c = 0) upon which acts a linear control logic C(s) to
generale the approprizte hand motion which drives the control wheel,
A remnant signal provides for a source of subject cutput response
which s uncorrelated with eather of the disturbance inputs, d1 and
d2.

The remainder of this section wall nowv be cencerned with the
mamer 1n which the esltimator transfer funclions El and E2 may be

solved for i1n terms of the Lhree loop inpuls, d dz, and n, and

l!
the three loop outputs, Wy Wps and A.
From block dlagram aigebra, it is a darect matter to show that

the three outputs are determined by ihe three inputs i1n the following

manney s
A(s) = %(Kn(s) + KPCE,d) (s) = KECE,d,(s)) (a) °
wy(s) = 3(kn(s) + (1 + KPCE,)d (s) - KPCE,d,(s)) () (1)
wy(s) =~ E(Kn(s) - KPCE d; (s) + (1 + KRCEYd,(s)) (e
vhere
A =1+ KPC(El + Ez) (2)

5¥

O



@ 9.

FIGRE 2.0 LINEARIZED SYSTEM, PARALLE)  cHAMVEL MIDEL

5 R ==
s
{ LEG ~
= 2
1 i)
| PG) =
|
b G,
” vestibular 1 G .
[ &, EG) ke | frainer vebity |,
| prziied wlelly N % —
I N’ vistel frald veloeity
| ~ &G K
’ - s :
A, A Loz it nodl

rotz: Pe R6 =656,




and where the transfer function dependence on the Laplace~transform
variable s has been omitted for clarity. We can now make use of
auto- and cross-power spectral demsity functions to solve for El and

E,. Correlating dl with A and ., we have, from (la) and (1b),

2 1
1 .
= Z(gd - b - 0
éld A(K‘nd RPCEléd a KPCEZQd d ) (2)
1 1 11 271
(3)
P .
& = = (Kb + (1 + KPCE_)9 - KPCE_ & ) {b)
wldl a ndl 2 dld3 2 d2d1

Since the remmant is defined to be uncorrelated with the input dis-

turbances, then

o = ¢ = 0 (4
ndl nd2

Further, if the experimental design is such that dl and d2 are un-

correlated, then

% =& = 0 (s)
aldz dzdz

Thus, dividing (3a) by (3b) and using (4) and (5) to simplafy the

result, we {ind that

A KCE
o1 (6a)

In a similar fashion, il may be shoun that

®a XCE

2 _ 2
5 = (6b)

m2d2 1+KPCE1

Since the Jeft-hand-sides of (6) are computable from the measured outpuls

of the cxperlment, we define ?;&;;
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ws
=4
Ht
=
S,
L=

(7

$0 that substatutang into (6) allows for a solution for CEl and CE2:

1 a1(1+Pa2)

z (a)
1+P2ala2
(8)
o, (1-Pa_)
cg, = +-2 1

2 K 5
1+P ulaz

CE, =

(b)

Note that the control strategy C 1s embedded with the estimators E1
and E2 » as is to be expected, and cannot be separated from them in

this type of experiment, Separation of control from estimation is

the subject of section 7; the present discussion will be

concerned with estimating the composiie functions CE, and CEz.

4.1 Disturbance Inputs

One major aspect of the experamental design concerns the choice

of the two disturbance inputs ¢, and d2. Basically, they were chosen

1
to meet the followaing requirements
a. Their {requency content must span the frequency range of
interest: =0.0l Hz to =1.00 Hz.
b. The hagh frequency pover should gradually taper off, so as
to avoiad the "shelf" power spectrum used in earlier experiments.
¢. The amplitude must be reasonably sized an terms of human operator

threshold and maximum limitations on the equipment.

d. The two signals should be uncorrelated, to satisfy (5).
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Chosen were two "pseudo-random'" signals, each composed of a
sum 0f sinusoids. Each sinusoidal term 1s an integral prime multiple
of a base frequency of 1/128 Hz (0.00781 Hz), so that the total period
of each signal is 128 seconds, a period which is unrecognizable by

the human operator in thais task. Formally, the signals are defined by:

13 i3
d1 = 121 a s1n n W,k d, = 121 b sin M Wt
where wo = 27T, T = 128 seconds, and where the n, and m = are alternatiing

prime numbers so as to avoid harmonic ambaguities and assure a zero
correlataon between the sagnals.

The amplatude spectra for the two signals are given in Figure 3
and are given an amplartude ratio (AR) form, referenced to a base low-
frequency magnitude of 1.20/3. As can be seen from the plot, the irequencies
of the two signals are interleaved, and both follow the AR curve associated

with a double lag~lead transfer function, given by

w

by ™

s?+ 20 0w s +
11 1

o]

0

[

s¥t 2z w s + 0?
2 2 2
where
(wl, m2) = (0.475, 0 150) Hz

(cl, z,) = 0.707, 0.707)

The lag and lead break {frequencies were chosen to give a gradual trans-
ition between the large low frequency amplitudes and the small high
frequency ampliitudes; the 20 dB ratio betveen the two extremes was

chosen {rom past experience with disturbance inputs into the trainer.

=
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To avoid rapid start-up transienils when the two dasturbances begin,
the signs of the amplaitudes are alterndted so that:

sign{a,,,) = ~ 51gn(a1) 5 slgn(b1+1) =~51gn(bl)

i+l
where

81gn(al) =1 3 sign(bl) =1 )

The appearance of Lhe resulting signals in the time domain is as shown

in Figure 4 .

4.2 Plant Dynamics

The other major aspect of the experimental design concerns the
choice of the plant dynamics. ¥For computaiional simplieity, it would
be desirable to maintain unity gain and zevo phase lag for the entire
range of test frequencies, but, as noted in the May progress report,
the trainer transfer function, Gl(s), exhibils a strong resonance at
about 1.5 Hz, due to the mechanaical properties of the leoad and drave
system. To avoid this, a preflilter was added, Fl(s), 80 as to ensure
linear operation and reliable velocily feedback information over a
lower frequency range. The cembined plant, FlGl, looks like a unity
gain second-order system, with a break at 0.90 Hz and a damp.ng ratio
of 0.70.

It was noted earlier that this kind of response necessitates the
use of a prefilter, Fz, in the projecior drive circuit, to ensure that
FlG1 = F2G2 (SP). The prefilter was implemented on the analog computer

and is a second-order filter with a brcak at 0.92 Hz and a damping ratio

&0

of 0.70.
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FIGLRE 5« TRANER/PROJECTOR_T/D TEST (time historizs )
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To ensure that the Llrainer and projector transfer funections, with
their associated prefilters, were close approximations of one another,
input-output testing vas performed on each, The wheel signal was held
at zero while the disturbance d. was sent into the trainer drive and the

1

disturbance d2 vas sent into the projector draive. The time histories
of the two, along waith the resulting trainer and visual field motion,
are shown in Figure 5 . Note the high frequency attenuation ain both
channels and note that the visual field velocity as the negative of
the input command dz.
By taking the Fourier transforms of these signals, the transfer
functions of the trainer and projector draive can be computed. Shown
in Figure 6 are the computed amplitude ratios (AR) and phase lags (¢)
for both the trainer and projector system; superimposed on the data are
the AR and ¢ curves associated wilh the second-order transfer functiom

given in the figure. This data thus subslantiales the experimental

condztzon that:

w;_ w = 5.65 rad/sec (0.90 1lz)
FlGl = FzGZEP = e n
2 2 =
s +2§nwns+wn T 0.70

and thus vaisual field wotion wall mimic Lraiper motzom, in response to
both dasturbance aund control wheel inputs. Note that this knouledge of
the plant dynamics is a prerequisite for solving for the estimator functlons

E, and B

1 g» @S reference to (8) will shov.

G
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4.3 Computational Approach

At this point, it is appropriate Lo provide a brief descriplion of the
computational approach used in processing the experimental data to arrive
at describing function estimates.

The analysis given above was based on the use of auto— and cross—pover
spectral density functions, but, from a practical viewpoint, it is computa-
tionally simpler to work with the Fourier transforms of the measured signals,
To see howv this is accomplashed, it i1s convenient to regard the wheel response

signal as being composed of three compomnent signals, as follows.

)
Al = 151 Allsin(nlwgt + ¢li) + ;EZ A2151n(ﬁimot + ¢21) + Ar(t) (10)
By reference to (9), the first component contains those frequencies
associated with dl, the second those assocrated with dz, and the third, all
other {requencies whach are integral multiples of the base frequency-
&

A(6) = 2

. sln(ﬁlwot + 81) (11)

A
1 T
where the set of 21 is the set of all integers excluding the sets of {nl}
and {ml}. It should be recognized that with this definition, (10) 1s an
approximation to the actual wheel signal, sinece non-integral multiples of
the base frequency wo have been excluded., However, such an approximation

is consistent with the discrete frequency resolution whiach results from the

digatal Fourler transforms used in processing the data.

et



Recognizing that A is periodic, with a period T = 2ﬁ/m0 = 128 seconds,
then 1t 1s a darect matter to solve for the cross—correlation function
between the wheel signal and the "'westibular' disturbance:

T/2

P, . (1) = A(e)d, (t31) = S A@d, (e+o)de (12)
Ady 1 -T/2 1

L3t =

Substitution of (9), (10), and (11) an the above relation, followed by an
application of the well-known orthogonality properties of sinusoids, results

in the following expression for ¢Kd g
1

13
¢, (1) = 2
Ady -

a A
=l *

cos(n{» T~ ¢1l) {13a)

1i 0

so that only the frequencies of dl appear in ¢ld . A similar expressicn
1
may be found fox ¢w a- If we follow the same procedurc as with the vheel
11

sagnal, and separate Lhe trainer signal into three components, we have.

13 13
= i [
wl(t) § wllSln(anOt + wll) + .§ w2151n(m1w0t + wzl) + wlr(t) 2(14)
1=] i=1
It follows that
13
T) = )3 w w T - 13b
¢w1dl( ) =1 2, llcos(nl 0 wll) ( )

o, again, we have only the frequencies of d. in ¢ Now, from the

1 wldl.

definmition of d] given in (7), and the sinusoidal couwposaition of the

cross—-correlataon functzons of (13), it follows that:

Lo



a_k {A (n,w0) |

- N & A - -
|a1(niw0)] = aimli Alllwli E;IEEEEET] (1=1,13)
(15)
¥og(nmg) = by =y = F Alnjwg) - ¥ o) (rwy) (2=1,13)
Or, more compactly,
ay (niwo) = A(nlmo)/ml(nlwo) (2=1,13) (16a)

Naturally, the same results are applicable to the definition of G, given in

(9):

az(miwo) = A(mituo)/w2(mlm0) (i=1,13) (16b)

Thus instead of beang involved with the computatizon of cross—cerrelation
functions and their transforms to pover spectral densities, the identification
problem becomes one of simply anput-output transfer funetion computation

via (16), to define o, and Oy That s, Fourier Lransforms may be made

dairectly cn the measured signals A, w5 and W, 5 and the complex algebra of

{16) can then be used to 8peci£y(11 andﬁlz at the discrete input frequencies

of dl and dz.

Ii should be noted Irom (16) that sance ul and o, are not defined at the same

frequencies, then the computatzions for CEl and CE2 indrcated by (8) cannot
be made. What is required 1s an assumption of continuity, in the frequency
domain, of Lhe transfer functions antroduced by the linear model. 'This

then allows for one to interpolate across frequency to obtain the needed

o, and o, values. That is, one can interpolate between the oy values

67



defined at the nlw frequencies to obtain values for ul at the mlmo fro—

0
quencies, and conversely for az. With al*and Oy both defaned in this
manner at all 26 input frequencies introduced by both dl and d2= (8) may then
be used to define the descrlblng'functlons CE1 and CEZ’ for all 26 frequcncies.
This was the approach used in the data processing which followed FFT processing
of the recorded signals.

This then completes the discussion of the parallel channel vasual-

vestibular model and the dual-input experimental and computational approach

for estimating the model's separate visual and vestabular transfer functrons.
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5.0 DUAL-INPUT EXPERIMENTAL RESULTS SisheabiNG PAGE BLANK NOT FIEREC

As an the previous velocity-nulling experaiments, the subject's task
in this series was Lo maintain his sensalion of self-velocity as
close to zero as possible, by appropriate moticms of the control
wheel, and by inferring self-motion from the continued application

of visual and vestibular cues. After a familiarization period with
the procedure and equipment, the subject performed one continuous

run of velocity nulling which lasted for approzimately eight minutes,
During this run, Lhe vestibular disturbance (dl referred to in the
last section) was continuously inputted to the trainer drive. The
vigsual enviromment, however, alternated between two modes: a counter-
rotating f1eld (CON mode) which provided accurate confirmation of
vestibular cues, as in the previous series, and an independently moving
field (DI mode), which was the xesult of a visual field veloczty das-
turbance (d2 referred to in the last section) anputted Lo the pré—
jector drive. Each presentalion mode lasted for 128 seconds, and

alternated waith the other, so that there were two presentations of each

visual {ield condition to a subject

Scraies A CON, DI, CONW, DI

Series 3. DI, CO¥, DI, COW

Half the test population of 6 subjects received series A, while
the other half received series B, so as Lo provade a balance fox

fatigue and learning effects vhen averages are taken across the popt-

&

lation.
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Shown an figure 1 are time histories of a portion of a subject's run,
showing the vestibular dasturbance dl, the trainer and visual field
velocities ®, and wz and the subject's compensatory response A. The
first portion (CON mode) illustrates good velocity-nulling perforiance
when the subject 1s presented with a counterrotating visual field,

and specifically shows hais abilaky to null out low Irequency disturbances,
presumably because of the corroborating visual motion cue provided

The second portion (DI mode} i1llustrates poorer performance, especirally
with regard to mulling out low-{requency drift in the trainer velocaity.
Presumably, his low freguency stick response 1s primarily dedicated

to nullang out the visual field velocaty disLurbanée as evidenced by

the contrasting lack of drift seen in the field velocity history.

5.1 PFreauency Domain Results

£y
R

More defainitive observations on subject response during DI presentation
can be made in the frequency domain. Shouwn in figure 2 are two wheel

deflection amplitude spectra plots, superimposed on one another, obtained

from one aindividual by transforming ihe recorded wheel history via an
FFT program. The sample rate used vas 8 Hz, and the sample length was
128 seconds, so that each FFT performed covered one entire DI presenia-

tion, resulting in the two spectral sets shom

The cixceles identafy subject response at the frequencies contained in
the "vestibular" disturbance signal dl, the squares identif{y response
at the frequencies contained in the "visual" signal d2, and the dols
identify the remwnani; i.e, response at frequencires eontained in nerxther

disturbance input. At the "vestibular" {reguencies (circies), the

WV
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response can be seen to follow the shape of the disturbance spectrum
presented in the last section (figure 3), indicating an appropriate
compensatory response to trainer velocity. Thas, of course, assumes that
the phase 1s appropriate, a subject to he discussed later. In contrast,
response at the "visual" frequencies (squares) shows a sharp drop off at
low frequency, indrcatave of little attention being paid to the high

Irequency vasual inputs in the task of nulling perceived self-velocaty.

A smooth curve has been drawn through the remnant response (dots) so as

to provide a simple approximation to the remnant power, and will serve

as the basis, in section 8, for a discussion of remnant power correction

to derived operaltor transfer functioms. For nowv, however, i1t suffices to
note the general trend of remnant domanance of subject response as frequency
increases, especially at frequencies greater than approximately 0.5 Hz. It
1s also appropriate to note the difference in signal-to-noise power (S/N)
ratios between response at "vestibular" frequencies and at "visual" fre-
quencies. To calculate the S/W ratios, we square the amplitudes of figure
2 to obtain the powe; spectra. Then, by linearly interpolating between
responses al the “vesiibular" frequencies (circles), and integration over
the frequency range shown, the total "vestibular" power in the wheel
response can be calculated. A samilar calculation yields the total "visual®
power, while integration under the smooth remnant curve yields a faigure for
remnant or noise power. Ratios of these figures then result in S/N ratios

for both sensory channels. Since figure 2 illustrates response for two

DI presentalions, ve obtain the following two sets of §/N ratilos:
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DI Channel Vestabular Visual
presentalion

first - 24,2 14.4

second 24.9 11.8

{ 8/¥ ratios an dB )

Obviously the major difference is the 10 to 12 dB difference beiween
response at the two sets of frequencics, indicataive of the greater
importance of vestabular cues an this nulling task, especially at

the higher frequencies. This aspect of the response will be discussed

in greater detail when remmant corrections to the response are considered.

Ii should De clear that subject response during the CON visual field
presentallons of this DI experiment can be simrlarly analyzed in the
frequency domain. Since many of the results are simzlar to those
already presented in the May progress report (for earlier experimental
series), a dascussion of the CON resulis wall be deferred Lo a latler
section. For now, we will continue to describe the results obtained

from DI presentations.

5.2 Population Averages for CE1 and CEQ

Plois samiltar Lo that of fagure 2 could zlso be dravm to 1llustrate

the amplitude spectra of trainer motion 0y and visual field motaion 0)s
and qualitative conclusions could be dravm regarding the approprilatness
of the subject's compensataon. It is more direct, however, to simply

apply the computational techniques of the last section Lo this frequency

7

75



data, and arrive at estimates of the two describing functiomns, CEl
and CE2. This has been done for both DI presentations to each subject,
for a2ll six subjects, and the resulting population average Bode plois

are given in figures 3 and 4.

The data points in the figures identafy averages for the six subjects,
while the smooth lines drawn through them simply indicate trends as
the frequency changes. Several points are worth noting Farst, the

gain for the "vestabular" describing function, CE,, {ollous, amn the mid-

1°
range {requencies, what would be expected from a lag~lecad function. It
may be recalled from the May progress report that a lag-lead function
formed the basis for the adjustable parameter vestibular model, and the
results shown here support that approach. The earlier results also show

a lead at high frequencies, again evident in figure 3. The major dif-
ference, hovever, 18 in low frequency behavior- the earlier single chamnel
model. undicated a levelling off to snme fixed DC gain, vhereas the gain f{ox
CEl’ 1s seen to be dropping off as the frequency approaches zero. The
"washout" characteristic is entirely comsistent with our notzon of neg-
ligable canal response at very low frequencies, because of the canal's

AC physical properties. The Bode plots defining the "visual" transfer
function, CEZ’ showr quate conliasting behavior. At low {requencies, the
gain 1s higher than in the vestibular channel, supporting the previous
statements concerning the importance of lou-Iregquency visual cues an
determining wotion sensation. Up to approximately 0.1 Hz, CE2 looks like

a simple integrator (in gain and phase), which, as will be seen in the

next scclion, 1s simply a reflection of of the control strategy used by the

gaan levels out, followed by a slaght

75

subjects. Above that frequency, the CE2
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lead at the haghest frequencies; these latter two features are not
particularly easy to interpret at this point, but will be discussed

in the section concerning remnant corrections. What should be obvious,
however, 1is that the visual gain is considerably smaller (~10 dB)

than the vestibular gain, over most of the {requency range, excluding

the very low-{requency crossover regiom.

5.3 Non-linear Least-squares Curve Fit Results

A non~-linear curve-fitting program was used to fit the above data

with different types of specified transfer functions. Shown an fagure
5 18 Lhe gain data for CEl’ waith both the mean and standard deviation
bar-plotted at each frequency. Superimposed on this data are three
curves resulting from the fittang program and the choice of three

transfer functions:

TIS+1
- . S 1
Lag-lead K{ —giy) (1a)
2
. s Tis+l , _ 2 8 (as + 1)

tag-lead: K(— o) Grgyp) = X 575 omas + o (15)

plus washout 3 14 i
S T, S+1 w? 6% 4 20,008 + ul

Lag-lead* X(1 8 + 1)( ) ( } = KS— =, 2WeS  Wo (1c)

plus washout 4 TgS+l TaS5+L w2 5% + 201015 - w1

plus lead

The complex pole format indicated above was chosen so as to allow the
fitting program the greatest {lexibility in minimizing the fit error.
As can be seen from the figure, the lag-lead function approximates vexry
roughly the gerneral trend of the means, vhile the addition of the wash-

out allows for a very good fit at both the low- and mid-frequencies.
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Finally, additionof the lead provides for a good fat at the high end
of the spectrum. Because of the spread in the data {(indicated by the
standard devaation bars), the fit aimprovement, as one progresses

from one iransfer function to another, 1s not especially dramatic
when measured in terms oi residual erroxr: the residual is only
reduced by approxaimately 10% when the lag-lead is augmented by the

washout and additionsl lead. A more dramatic improvement would be
evident 1f only the means were used as the data Lo be fatted, as

should be clear by an inspection of the figure

The parameter values obtained from fatting the double second-oxder

function of (ic) are given below:

Table 1: Parameter Values for CEl Amplitude Fit

Parameter X u T w z

1 1 2 2
Paramelter Value 6 10.8 0.29 0.83 3.66 0.85
Paraneter §$.D. Ue 1.70 0.02 0.14 0.25 0.14

Note that both the poles and zeroes are complex, so thal the fit
procedure does not allow for a simple justifacation of the funclional
form by appealing to the adea of cascading simpler f{irsi-order

transfer funclaions This aspect of the problem wall be discussed

later.

Similar transfer function {its may be made to the “visual" channel
transfer function data specifying CE,3 these are shown in figure 6.

The functions used were:
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Integrator plus lead : (TIS + 1)

2330
iR
Sl

Integrator plus (US4 1)(Ts+1) =3
double lead ! y

2 (s? + 20 © 8 + wz )
vhere the parameter choice was made for consistency with the parameters
used in the fits on CEl. As can be seen from the figure, hoth funcitions
fit the data means quite well, with the additional high~frequency lead
allowing for a better fit at the high end of the spectrum. Again,
because of the data spread izndicated by the standard deviation baxs,

the reduction in residual fit error is quite small with the addiiional

lead term, but it 1s clear that the mean trends are better fal with

the addxitional lead.

The parameter values obitained from fi2iting the integrator plus

double lead function of (le) arc given belou:

Table 2. Parameter Values for CE2 Amplaitude Fit

Parameter | 4 T T o [
1 & 2 2

Parameter Value O 0.16 | 1.26 0.13 | 2.45 1.71

Parameter S.D. 09 0.02 0.04 0.01 0 30 0.30

Because of the large frequency difference seen in the break frequencies
of the data of figure 6, the double zero consists of two real zevoos.

The complex paramcter values (w?, ;2) are included here for convenient

reference later.

r

¥hat sould be clear at this point is that, if the "vestibular" transfer

FA-

(14)

(1e)



function CE1 1s given by (lc) and the "visual" transfer function

CE2 by (le), and the parameter values are as specified i1n tables 1
and 2, then a problem arises because 6f the non-congruence of any
poles or zeroes. That 1s, if the control strategy C is anything

but a DC gain, then wes&ouldbxpect to see ils poles and zeroes
common to both CE. and CE2. But this 1s not fhe case, which suggests

1

that eather C 1s a pure gain so that we actually have measures of

El and EZ’ or that the curve fatting just described 1s a premature
exercise, which should await further processing of the data to
accouni for control strategy dynamics. This question will be an—

swered in the next section: for now however, some additional

observations concerning the phase characteristics axre appropriate.

Shown in figure 7 and 8 are the calculated phase angles assoclated
with CEl and CEZ‘ respectavely. As before, the data is sumnarized
by bar-plots of the population mean and standard deviaiion al each
frequency. The dashed cuxve in each figure 1s the phase predicted
by the transfer functions just described used to fat the amplitude
data. The large discrepancy between thas predicted phase and the
actual trends of the data 1s presumably due, ain part, to operator
latency, as we have seen in earler phase data {1tiaing cxercises.
Addition of a dead-time factor to the transfer funciions resulis

in the solid curve shown in each figure. The twvo delay times

were chosen by visual inspection, and provide an approximate fit

to the phase data means.

s



Two brief comments are appropriate here. TFirst, f{rom faigure 7,

1t should be clear that the curve fat to the phase data at low
frequencies is inadequate in the case of the "vestabular" channel.
The model predacts a lead-where we actually observe a lag, and
would suggest the ancorporation of a low-frequency lag term an
the model. How to accomplish this without affecting the AR

curve fait 1s at present unclear. The second point concerns the
relatively large delay times necessaxry to account for the observed
high frequency lags, approxaimately 0 6 to 0.7 seconds. Presumably
this delay time can be apportioned between the operatoxr's estimation
and control functions; the balance betireen the two necessitates

a closer look at the operator's control strategy, and is the

subject of the next section.
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-

6.0 VISUAL FIELD VELOCITY NULLING EXPERIMENT

As noted inibe. previous section, the stject‘s control strategy C(s)

is embedded in the describing funciions obtained {rom both the dual-
input experiment (series IV) and tlie earlier velocity-nulling experiments
(series I, II, IIL). Thus, the objective of determinang the linear es-
timator functions El and E2 has yet to be met.

This motaivated the design of another experimental seryes (VI) awmed at
determining the control strategy, so that its effect could be divided
out of the resulits already obtained. The experiment was designed so as
to minimize the . estimation task of the subiect, but maintain the same
controller struciure used earlier. Specifically, the task chosen was

a standard human operator visual compensatory tracking task in which

the subject was instructed to null visual field velocaity via appropriate
notions of the contrel wheel. The disturbance noise injected into the

projector drive loop was identical to that used in the dual-ainput ex-

periment (i.e., the signal dz) and the conirol wheel polarity was changed
io be consistent with the field nulling task, 1.e., a right wheel deflec-
tion resulted in raight field motion. The same plant dynamics as before

(P{s)) were inserted between wheel deflection and projector molion

The trainer remained stationary throughout the task, and the subject

was informed of Lhis prior to the experiment. In addition, to avoid any
possibility of circularvection induced by the visual ficld motion, Lhe
side windows of the trainer vere made opaque and the moving straipe pat-
texn used earlier was projected on the trainer's fivontwindow. WNo sensa-
tions of self-motion were induced by this arrangement, as indicated by

post-test questloning ol the subjects.

&7



This experimental series can be directly compared to the earlier ve-
loecity nulling tasks in whaeh the visual field remained fixed. Both

are single input experiments (visual field velocity in the present series,
trainer velocity in the earlier ones) both requiring a single estimator
cascaded with a control logic. Here, however, because of the known
high-pass characteristics of the visual system it 1s reasonable to
assume that the vaisual field velocity estamatoxr necessary for this task
has essentially unity gadin over the frequency range of interest {(non-
linear gain characterastics are another matter, however, and will be the
subject of another study). Thus, what is measured in this experiment

is the subject's contyrol logic C(s).

Of course, 1t can be argued that the subject's control strategy in this
experiment will differ from that used in the motaion nullaing experiments,
samply on ihe basas that the tasks are different. However, Lhis can he

countexred by notaing that the same control wheel, plant dynamics, and

input disturbance (in the visual channel) are used in both experaimental
serxes, In addation, the tasks are similar in that a nulling of per-
cerved velocaity 1s being asked of the subject, xn one case self-velocity
and the other, visual fi1eld velocity. Since there 1s cbviously no con-
clusive way to disecl the control strategy from the estimators proposed
in the parallel chamnel model, 11 seems reasonable to assume an idenlity
between the comtrol logics of the two tasks, especrally in view of task

simyilarities.

Shown in Ligure 1 is a block dragram of the mulling task, summarizing
the basic features of the experiment and the conjectured functional

structure of the human operator. TFrom this diagram and the discussion
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concexning cross—correlation functions given earlaier, it is a darect
matter to show that the control strategy C(s) s defined at the input

disturbance frequencies m,0, by the following relation

@Rdz(mlmo) - l(mlwe) e
(miwn) wz(ngpw)

RC(m. ;) = —
* @
Hodo

so that direct calculations from FFT results may be utilized

In this experimental series, 6 subjects atiempted to null field velocaty
for two full periods of the dasturbance signal (T = 128 sec.), for atotal
individual run time of 256 seconds. The FRT's were performed on each
128-second segment, so that twe estimates of KC were obtained for each
subjecl. I& 1s appropriate to note that 4 of the subjects pariticipating
in this series also participated in the DT series (IV), so that 1t will
be possible later to divide out control strategy, on an individual-by—

indrvidual basis

Shown in figure 2 are tvwo sels of amplitude spectra oblained fiom one
subject, 1llustrating the relatively large compensalory response at the
input {requencies (circles) and the small vemnant (dots). As was done
earlier, a smooth curve has been drawn tbhrough the remnant amplitudes, to
provade a simple approximation for remnani corrections to be antroduced
later. A comparisen wath samzlar data obtained {rom the self-velocity
nulling experimenﬁé {series T through IV) shows considerably highex
response amplitudes for the present task, indicative of either a higher

galn In the control block G, or of attemuation in the self-velocity

estimator blocks (El and EZ)' This is also ref{lected in the higher S/N

Y |
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ratios seen in this task, In this instance the computed S/¥ power
ratios arc 34.8 and 33.8 dB for the subject's two presentations, {(to
be compared with considerably lower 5/N ratios for the DI experiment,

for example).

Shovm in figure 3 are amplitude ratio (AR) population averages for
the sax subjects, computed for this task frowm (1), with the bars
indaicating one-sigma spread. Superimposed on these dala are corres-
ponding AR's whaich have been corrected for each individual's remmant
power, so as to get a more accurate estimate of the linear transfer
function C{s). The remnani correction method will not be discusscd
here, as 2t 1s the subject of a later section. What i1s important o
note, however, Ls that the two data sets, corrected and uncoxrected,
are ocbviously ainsignificantly dafferent, and thus the simple transfier
function approach of (1) 1s quite adequate for cbtaining an estimate

of C(s), especially in view of the data spread.

From the fagure, the gain trends are quite obvious- integration al
the low frequencies, followed by a mid-{requency lead break, similar
to what was seen in the AR data defining the "visual' estimator/con-
troller funcllon CEz. This motivates the fitting of the follouing
function to the AR data:

E(Ts + 1) (2)

The dashed line in the {igure shows one such fit obtaincd by a visual

fit of asymptoles; the parameter values are given by:

K= 1-? /ji;;éi, T

= 0.45 (3
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It should be noted that these are not the result of a least-squares
fitting algorithm (which will be done shortly), bul simply rough
estimates. It is also appropriate to note that the lov frequency
gain drop-oif in the data 15 greater than the 20 dB/decade attribu-
table to a simple integrator, and the mid-frequency break seen in

the data 1s sharper than a break associated with a simple first-order
lead term. These discrepancies between model and data may motivate
the use of higher-order {unctaonal curve fits; for now, however, the

basic integratory plus lead function appears adequate.

The corresponding phase data obtained Irom this experimental series

are presented in figure 4, and although not fully corroborative of the

gain data, do show a constant phase lag of 120° at the low frequencaies

(where we would expect a 90° lag wath a simple antegrator). Also ske-

tched on the figure is the predicted phase curve for the transier func—

tion defined by (2) and (3)., The discrepancy between the curve and the

data at hagh frequencies 1s presumably due Lo human operator latencies,
which can be modelled by a dead-time term, e“TdS. The resulting phase
shift 15 seen 1n the second curve on the fi1gure, a reasonable approxi-
mation to the phase data 1s obtained by choosing a dead—-time of 0.32

seconds. Again, a better fit can be expecled with the eventual ap-

plication of a least—squares program to the data

As noted in the beginnang of Lhis section, the plols definang C(s)
can be used to infetr ihe estimator functions (E1 and E2) from the DL
experimental data. One approach, given in the next section, 1s to
simply divide 6-subject means from the two experimental series; that

is, at each frequency, divide the mean value for ]CEl] by the mean

7
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value for |C|, to obtain an estimate for [E1|, and similarly for

IE Obviously, the same approach can be used for the phases.

2|
An alternative approach, also presented inthc next section, 1s to
divide each xndividual's DI data by his manual control data, and then
faind average values for the resultant estimates of E1 and Ez. It

was noted earlier that only four subjects partaicipated in both experi~
mental sexrzes, so that the populatzon 1s a subset of what has been
considered so far. To show that the population average Bode plots

for the four-subject population are not sagnifiacantly dafferent from
those obtained for the six-subject population, 1t is only necegsary

to look at figures 5 and 6, where the two data sets are superimposed
on one anoiher. A formal tesl of equivalence involves t-tests on
curve {1t parameters, but curve-fitting of each data sot is vet to

be done. It should be obvious howvever, that the two data sers ave

net signifaicantly different, and thus we might expect Lhat the two
approaches used in the next section Lo estimate the eslimator func—

tions will yield essentaially the same resulls
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7.0 ESTIMATOR FUNCTTIONS FOR PARALLEL CHANNEL MODEL

In section 5, we cobtained the gain and phase plots defining the
combined controller/estimator funcizons for the parallel chanmel medel,
CEl and CE2, and in the previous section we obtained similar plots whach
define the control function C. It as the purpose of this seciion to
divide out the control lav from the earlier resulis to obtain estimates

of the estimator functions El and Ez.

7.1 Population Division

The siwplest approach to the problem i1s to simply davide the six-
subject means from the two serzes (IV and VI) to obtaan an estimate of
the population mean for cach,Ei. Thus, at each Trequency, divide the

mean value for ICE s oblained from Figure 5 of section 5, by the mean

1)

value for [Cl, from Faigure 3 of section 6, to obtain an estimate of the

maan of IEli. The same can be done for EZ’ and obviously a samilar

approach 1s applicable to phase angle caleulation for both functions.
The resulis of such calculations are showm in Figures 1 and 2. Tn

both fagures the closed cireles denoie E; values, while the open circles

1

denote EZ values, the daghed lines only indircate trends with frequency

and are not Lo be mlstaken for fitted curves. Several points should be

noted. Tirst, the gain curve associated with E, exhibits a rapid drop—off

1

at louv frequencies and a levelling out at the higher frequencies, behavior

vhich is entirely consistent with our notion of a ‘vestibular' transfer
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function. Had the experimental equipment allowed for a higher range

ol test frequencies to be used, we pres;mably would have seen an eventual
drop-off in the El gain, corro?orating the previous findings of wvestibular
dynamics characterized by a bandpass filter centered around the frequency
regime of normal physiological motions. The phase curve associated with

El ig shown in Figure 2 and illustrates the expected 900 Jead at lou
frequencies (characteristic of a "washout') with a graduval drop-off at
mid-frequencies. With a simple waghout we would expect zero lag at the
highest frequencies; presumably the lag seen in the figure as due to
operator latencies.

The behavior of the data characterazing the visual channel transfer
functaon E2 shot's a consaderable contrast. As moted in an earlaer section,
th? visual gain (Figuve 1) as a good deal lover than the vestibular gaain
over much of the frequency range, with approximate equality occuring only
at the very low end. 1In this regime, the visual gain is approximately
constant with f£requency, in agreemenl with our knowledge of circular-
vection a non-zero gain at zero frequency. Ikn?wer, the gain increase
seen ain the mid-frequency regime ds umsettling, since it suggests dincreased
velocity sensitavety vith higher frequencies, behavior which is ain conflact
with the complcmeﬁtagy filtering model. In {act, vhat we would have expecled
is a drop in gain with increasing fiequency, so that the only source of
high frequency motion anformation would be by the vestabular pathvay.

The data shown here conlradicts such a notion.
There are at least four points worth considering before arraving at

any definate conclusions regarding the results just presented. The first

is that the results were obtained by dividing the data {rom one six-subject

A2
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population by the data from a dafferent six—subject population. Inter-—
subject varzation could be a subtle cause of the unexplained visual
gain behavior.To resolve thas po;nt, transfer function davisions have
been made on an individual-by-individual basis for the 4-person subset
of subjects participataing in both experimental series. The resulls are
the subject of the next subsectrom.

The second point 1s that the results shown here are basad on data
vhich was not corrected £or operator remnant contrabutions. It may be
recalled from sectaon 6 that the corrected and uncorrected gains associated
with the control strategy C did not significantly differ, and thas it might
be surmised that such a correction would be of laittle value here However,
it should also be recalled that the vasual field velocity nulling task
(Sexies VI, used to determine C) wvas characlerized by relat wvely haigh
S/% ratios. This 1s to be contrasted Lo the data obtained Lrom the dual-
input experiment (seraes IV), in which coasiderably lower S/N ralios vere
obtained for the visual channel (recall figure 2 of section 5). Thus, one
might expect that the visual transfer function inferred {rom the DI

experiment, CE_, would shov a more signifacant change vhen remnant

2

corrections are incorporated., Presumably, such a change would be rcflected

in the calculated gain and phase for E, presented here, and thus “correct™

2
the increaslng gain tendencies seen in TFigure 1., The results of such an
approach wall be dascussed an section 8.

The third point veflects on the validaity of the proposed parallel

channel linear model: the model fails to incorporate a non-linear gain

characteristic, a property ofien associated with human operator behavlor.

Specifically, we note that for the visual chamnel, the gain increases

O3
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Jab
at the‘hlgher frequencies. But from Figure 3 of seclion 4, we should
recall that the amplitudes of the input disturbances decrease with
inereasing frequency. Thus, the possiblaty exists that what we are
observing is not a gain dependence on frequency, but on amplitude: a
gain increase with decreasing amplaitudes. Thas type of non-linear gain
function 1s sketched in fagure 3, and 1s consistent with behavior seen

i subjective estimation performance in psychophysical experiments

Consideration of this problem i1s a current area of effort.

FIGURE 3 = NON-LINEAR GAIN

% e E’ y 0,
- Y docreases a5 [xf—-oo
ax

A final pount worth notfing ig that the parallel channel model, as
18, may be a quite valid representation of the human velocity estimator,
and the data trends of figures 1 and 2 may be an accurate description of
the two indavidual transfer functions of the model. What then remains
to be ?esolved, however, are Lthe conflicte between the predictions of thas
model and the vesults obtained in past circularvection studies. TFor instance,
1if the visual channel does indeed have a sagmificant gain at hagh {requencies,
why then does the observed circularvection sensation buirld wp so slowly,
in response {o a step input of visual {ield velocity? Or, more Lo the
point, why do high fiequency (say 1 Hz) oscillations of the peripheral
visuwal field fall to elicit a ecircularvection sensation, whereas low

frequency (say 0.01 Yz) oscillations do?

JoF



7.2 Indavidual Davision

Shown in {igures 4 though 7 are gain and phase plots showing average

values for E, and E calculated by dividing an individual's response in

1 2
one experimental sesszon (IV) by his response ain the other (V1), and then
averaging over the 4-subject test population. This approach corrects for
intersubject gain variation, and furiher, allows for a calculation of gain
and phase standard deviations at each {requency. One sigma bars are shown
on the figures.

A comparison of these results vith ihose described above {figures 1
and ?) shovs that this method of transfer funciion estimation yields
essenlially the same resulis, as eapected. IL may be neted that ihe El
gains are generally lower here than those of faigure 1, and thal the low
frequency phase leads for both functions are lower than those of figure 2,
but, otherwise, the results are basically unchanged. 8Specifically, the
increase in the visual chamnel gain vath {requency 1s still present, and
cannoel be accounted for on tLhe basis of wintersubject variaticns.

The figures also 1llusirate proposed transfer funcition curves, obtained

from a gimple visual inspection of the data:r a washout for E., and a lead-

13
lag for EZ' The actual parametel values are only rough estimates, and not
the results of a leasi squares curxve fit program. Yt is evident that both

funciions do a faxr job of {itting the AR dala means; tihe phase data ,

however, requires the addition of  dead-time terms to follow the phase

S5



7e

£
sﬁ\.ﬂu

= le 10 [ — — . U
Tama T ._n _ o “I-.. T " " a_lhl P n_ ) |_.
- S D —- e - -1 = - . -
; ‘ ! . | * 1 !
(VSRS USSR SR - . R -, o~ - [, e - -
6 _ — =~ |l1" ————de e : - -—— . - - . - .
T ) [ M :
' = < -1 -1 N - 1 1 |
R . eI R Py S
: ! i : i !
N UL AP SN o S R .
1
o
— e - -
H 1 ' ]
M - - i “ \ . =1 ] \
! ' 1 I i
H , .
R - - - l-lll T 1 T - $
. ! _t ' - ' _ i ) ! “ ' w
A -l = PRy 4 -
1~ i ! T _ __ _ I XS A IR B S R e e 4
T e S bliabll Wil Shvecessbil Y = ! it
O e ] _ o
AR R T , i ;- ?_._, Lo m q,T n
Gl T L i ) 'y T - - B |~l b
P S A ST T o e e
N R = N T T T T -ooTre T A
T e s e e e & } Y t el e - o
- _ ] ! | A N i [T IR
= T . TS T P o
[ A x b — L U 5. SO U RO N
: R I S S B e e A ae Ty R TRy TEl
=—F e L Y PRI Y e B e
: SV J SR AU I i I e B SR
bnZ —— e | - - - 1 JP . P . - -
i ) 2
i

w
}
i

!N
T

ey et
TTT o

——

?

1

[
|
[}

i

HEANS OSTAINED (RO INDIVIDUAL DIViSIONS
-
i
.
//
L

<. SUBTECT FOPULATION
i
i
|
L
/

b, I, f - ! N
RO (R Y IR -1 I S e N ™~
.” t s i 1 “ //l\h\u m
2 e et IR — e ...%& - R
. n* 1 ) __._._ ' ) ..,__... :_”: __..// ) -
T“ L B , l__ _lm vl r ; n :_lm ml.—l .Wn L 3 w_!l.f.l.» . .!.m.“ —! In..“ w A ....L_r e - ._ |// L4 1
; +1 1 CfT _ L P

o
-.-l-......L_‘ -
L

-ﬂn—uf—




A

REPRODUCIBILITY OF em,.x
ORIGINAL PAGE IS POCR

f_
2
b -
..u (B3 i [ T T - T - -
T
[, - -
| ! -
Ve . . E - %
— e . !
D Im - “ '
i
i
A
o=

- |
ol B U T A ﬁ 3 _ :
. ! t . 4 1
Hl.:l.s_ns - \, y
340 P : 3
o L1 “...I...»l.... ﬂ:lW\ 1 s /_. - =i
| TN Sl E [,
s bx TV - = ﬂ * —
- f 1 T ¢ ]
- N “T Lo —1
e A Y
n.l...!.lr..ﬂ! TR TR ST e Ry hngd /... r -
.ull.u i 1) Yo T
| == —at A AY i !
. | I R Y I - gtny) Lowu S
. ! ! - A 1 ) 3 % ™~ K
- _ / b “a Cnu/_ I~ ™~
_ S ] L, o=
k — - 2 n
- Y 7 aZ — g
- A N R

A

s
3

MEANS OBTAINED FROM INDIVIDUAL. DIISIONS

"VISUAL ESTIMATOR GAIN (E;)

W
= ./ 1
ml ..JIOI t // T
. J o . \ .
el . " . ¥ A 1
T S A T \
6t = mu - ! . ” \
- o) - . mmmm mem e e - - \
4 1

-
-

—
e

5 ]

P I U T ,,

3 T T “

o e IR IR I E st |

- R |
T e i __‘ Lo m ! -

nuld.q 3 “a -1 ! ) A H i _

FEAT ETOPY PO O O I B A R T Py

n...lu__ p e ey BEEREE i i ..I|u|:| Wn..“ﬁx“..l“- 3 T 1 i

1By m__.ullu_ ~Hw|—_— —| B I R _..u.—nn_.m.w mn _“ i { L _... '

S L ] e R RS R B TS SR N
N e T P T 1 e

]
* s
Seml Logacithmil ﬁw O - £ |
¢ X Wohe inch Wf%@ fmu .m wma m w_& mv



\
-

Ij:j:'.' L.

-

I
el LT

"VESTIBIAR. ESTIMATOR BHASE_(5)

MES OBTHNED EROM INDIVIDUAL DIVISIONS
SUETECT™ FOPULATION

z
[FELPUIVEE L

2 |
_ ~
h]
%
s
1.
LT
S
I B
Pl
—”l .X_Iw o l—
P Ll
m_v&,_ _wnnrml_ _“
2

¥



THE
RODUCIBILITY OF
w%@%@ PAGE IS POGK

. — iy an e - —— - - e g —— -
= EITE S . !
- |~ - -, '
f v mm e Tm o 1 - - -
m | w .
Borer s i ae memie = - - - - —_— - -
r ' r | \ T
L el e T e ST S I T T T - -

i .
.-t — = -1
\ il
ISR B N S b
e B 1 e e ——
.mn..:.“_!.m__ O...—':IMG ' Wn \.ﬂiu\o.ultup \\.Wa P ell—
1 i i R fﬂw.nl_un;!u,wuu - .?|.|-Mw:. lz_ln_nﬂl\l.ﬂxv\au.fh.¢ e
“ l||.||||m e . Tuilﬂ Mw.ll —f—— -3 4 § - ..ln._l 1.: . -
= ~ G S - e —q" -
T b [ _‘. < \\. — L ) -
T —]
wl:;“ w .Iﬂuw- uu \_ ¥ N \\..< " 1 . L o O .
= i i I i T t -
s e N hu_lﬂu.wsm. e Ay %e.i S .-
.n... ...-/rr\. . - ) YA & i}
) — S e - I A

i

-

MEANS OBTAINED FRoM, IADIVIDURL DIVISIONS

# SUBTECT PORULATION
o

!
i
FIGURE T ¢ "VISUAL" ESTIMATOR PHASE (

bl - T L .
7_3. oAV SR P B SN P
P .II.._..|| “.. T -/., — - [, " ] t “ -
- i. Vﬂl&l |h .“.m 1 m..
s SR | L - - AN R I W
] // - '
4] ) -u_ 3 .«.#—, i . ) - ..
3] —_— _{l —fen e, et \ o — S TR ...i.”,l -
b \ L SRR P
S Bl el S U Ml et Pl Rt s e a o o R
3 N EER Iwﬂ TSN -wl}uu:ﬂ_nﬂ.m.m. A5% _._,J..
-1 ”.i i - [ai R 1oL f ’_— __ _L [ -l iy "\_ . _uﬁ e ] } .
o _r m, ved b ___.-m AR P § petl m-...._l_. 1 .-‘_: [
R et =i i d 1= A e R .
-.nﬂw_f. e — [eeieaad T .__..“-‘-E sneninn NW L [+~
i LR ) SN _.ﬁ. | ' .___:_ :._ | l ! |
A1 IL‘L H_._Hw- REESS RSN :_“_ ; ! --‘_...“_v -%,--,lﬁ-,uu _ [
PH e A B e R EE R P b

fapat
psesoe S QB © & 8 Q
- T



Y

-

lag trends at high frequencies. Although this Lype of latency can be
justified by assuming some type of estimation computation time, it should
be clear from figure 7 that the auvgmented transfer function {il to the
visual channel phase is not particularly satisfying, especially in the
mid-frequency range. -

At ihis pornt, 1t 1s appropriate to investigate the effect of remnant
corrections on the data, to see if the visual channel gain trends are
affected, and if such corrections afford an improvement in transfer

functron curve fitting.

Part 8 of this section of the report 1s in preparation.
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