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Thresholds to Roll Motion in a Flight Simulator

A.J.Gundry*
R.A.F. Institute of Aviation Medicine, Farnborough, U.K.

Providing effective motion cues requires that we first identify the role of motion in flight simulation, and
second describe the amount and type of motion necessary to fulfill that role. One of the first tasks is to define the
sensory threshold to motion in a flight simulator. Data on roll motion thresholds measured in a small flight
simulator are presented. During the normal use of a simulator, the pilot does not have the sole task of detecting
motion. He also has to fly the simulator. Data also are presented on the effects of a concurrent task upon motion
thresholds, which were found to increase as the cognitive task became more demanding. It is concluded that the
classical method of threshold measurement may produce data that are misleading if used as the basis of motion
system drive laws.

Introduction

I N flight, the pilot of an aircraft is subjected to the effects of
a dynamic force environment. The effects of this

environment on his control of the aircraft can be classified as
advantageous or disadvantageous. Disadvantageous effects
can arise from the forces on the pilot caused by turbulence
and maneuvering. These cause spatial disorientation, motion
sickness, or the physiological effects of '#'• On the other
hand, advantageous effects can arise which can be identified
as providing the pilot with veridical information about the
motion of the aircraft. These are, in general, transient
motions resulting from turbulence or from malfunctions, and
those motions that are the result of the pilot's own control
activity. A simple distinction can be drawn between ad-
vantageous and disadvantageous effects of motion. Disad-
vantageous effects of motion, in principle, will be suffered by
all persons in the aircraft, whereas the advantageous effects of
motion can be observed only when the pilot is part of the
aircraft control loop.

On the whole, the disadvantageous effects of motion are
not intentionally included in flight simulation. However,
simulators with motion systems do attempt to reproduce the
advantageous effects of motion. These are of two types,
which are distinct enough to be given two separate names.
Motion cues arising external to the pilot control loop can be
called disturbance motion. This results from turbulence and
any failure of a component of the airframe, equipment, or
engines which results in aircraft motion that is unexpected by
the pilot. Motion cues arising within the control loop can be
called maneuver motion. This motion results from the pilot
initiating a change in the motion of the aircraft in order to
achieve a different heading, height, or attitude. All simulators
that have motion systems will provide maneuver motion, and
those that have turbulence generators will provide disturbance
motion in addition.

A number of experiments have found the presence of both
types of motion to result in more accurate pilot performance
than static stimulation (Beck,' Bergeron and Adams,2

Buckhout et al.,3 Gerathewohl,4 Guerico and Wall,5

Matheny et al.,6 Ruocco et al.,7 Sadoff and Harper8). What
might appear to be a clear picture, showing that motion
produces a better performance than no motion, is clouded by
the results of Brown et al.9 and Matheny et al.,10 who found
that cockpit motion did not produce any better performance
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than no motion, and by the conclusions of some authors that
cockpit motion only benefits the performance of some tasks
(Brown and Collins,n Graham,12 Perry and Naish,13

Williges et al.14). Further, some authors conclude that the
benefit made by motion to performance and training depends
upon the experience level of the pilot (Brown et al.,9

Graham,12 Newton,15 Muckler et al.16).
Further evidence concerning the effects of motion cues

comes from studies of the pilot's control activity. Douvilier et
al.,n Matheny et al.,10 Perry and Naish,13 and Tremblay et
al.18 report a change in the control activity of operators who
tracked a simulated turbulence input in a simulator with and
without motion. When motion was provided, there was an
increase in the occurrence of high-frequency/low-amplitude
control movements. These changes served to make the control
activity in the moving simulator appear more like that ob-
served during flight than that recorded in the static simulator.
Douvilier et al.17 and Tremblay et al.18 actually conducted
this comparison using the same subjects in a simulator and an
aircraft.

Changes in control activity when motion cues are present
have been investigated, using the human operator transfer
function measures of how hard the pilot needs to work.
Experiments by Shirley,19 Dinsdale,20 Meiry,21 and
Stapleford et al.22 used the set-up shown in Fig. 1 to in-
vestigate the effects of roll motion upon compensatory
tracking. The presence of motion was found to reduce phase
lag, increase the midfrequency gain and cross-over frequency,
and reduce the size of the remnant. A measure of overall
performance, such as root-mean-square error, also showed a
decrease when motion was provided. The conclusion is that
roll motion cues provide the operator with information that
he can use in order to track the disturbance input more ac-
curately. This information is used to generate lead in the
output, especially at frequencies above 0.5 Hz (Shirley19).

It is clear that one of the reasons why motion results in
quicker and more accurate control during simulated tur-
bulence is because it provides more lead information about
the disturbance of the vehicle than can be obtained visually.
However, motion may play another role, that of giving the
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Fig. 1 Block diagram for compensatory tracking task with distur-
bance and maneuver motion.



JULY 1977 THRESHOLDS TO ROLL MOTION IN FLIGHT SIMULATOR 625

r ^"x DISPLAY

SYSTEM

_».

OPERATOR *" STICK
fc

DYNAMICS

OLJTgUT

Fig. 2 Block diagram for compensatory tracking task with maneuver
motion.

pilot additional information about the consequences of his
control actions on the aircraft. This is the role of maneuver
motion. Besco23 studied the effects of heave maneuver
motion in the compensatory task, using the set-up shown in
Fig. 2, as did Newell24 and Stapleford et al.22 for roll. Only
Besco23 found that the presence of maneuver motion aided
control. In contrast, Sadoff et al.,25 using a pursuit task to
investigate maneuver motion in pitch, found that it was
important only when the simulated vehicle was unstable.
Similar findings were reported by Meiry,21 who required that
subjects stabilize a simulator, set up as an inverted pendulum
in roll. Meiry21 altered the dynamics of the vehicle from
stable to unstable. When the simulator dynamics were stable,
the presence of maneuver motion did little to improve control,
but as the vehicle became more unstable, its presence allowed
the operator to exercise control, even in regions where control
by visual cues alone would be impossible. The conclusion
from these experiments is that motion again helps the pilot to
generate lead information, and this is especially useful when
an unstable vehicle is simulated (see also Young26 and
Bray27).

The next question concerns the degree to which disturbance
and maneuver motion need to be simulated. There is some
experimental evidence that motion can be degraded without
too drastic a change in the simulator operator's behavior.
Bergeron28 had operators performing a two-axis com-
pensatory tracking task with varying degrees of motion. With
the full pitch and yaw motion of the simulator, tracking error
was normalized to be 1.0. With 50% motion, error was also
1.0. With only 25% motion, error was 1.2, compared to error
values of 1.75-2.2 when there was no motion. Matheny et
al.10 conducted a similar experiment; however, they varied
the frequency response of the motion system to disturbance
and maneuver motion. Altering the bandwidth of the
frequency response over a range from full motion to no
motion did not alter the operator's error in compensatory
tracking. Nevertheless, there were differences in the control
activity power spectra. These are somewhat complicated, but
essentially it was found that a wide bandwidth frequency
response produced control activity no different from narrow
bandwidth response.

These two experiments indicate that motion cue
sophistication may be reduced without too great an effect
upon operator performance. However, in these experiments
the main task was tracking a disturbance input. Some authors
have proposed that, although the simulation of disturbance
motion may be accomplished adequately at a rudimentary
level, maneuver motion may need to be simulated as
realistically as possible (Bray,27 Cohen,29 Perry and Naish13).
It is obvious that the complexity of a motion system will be
determined by the most sophisticated requirement. Hence, the
degree to which maneuver motion needs to be simulated will
determine the sophistication of the motion system. This
degree of sophistication can be determined by experiments
similar to those of Bergeron28 and Matheny et al.10 which use
a command input producing maneuver motion.

Once a decision has been made about what sort of cues a
simulator should provide, the provision of these cues ought to
be implemented with some regard to the motion sensing
capabilities of the human. One of the most important of these
is the absolute threshold. This threshold to motion is the least

value of a motion stimulus which can be identified correctly as
present or absent over a large number of presentations, with a
stipulated accuracy, normally 75%. Some authors use a
correct identification of direction of motion in 75% of the
stimuli as determining the threshold. Absolute motion
thresholds are important in flight simulation for two reasons.
First, these thresholds need to be measured so that one can be
certain that a motion system provides onset cues in excess of
their values. Secondly, the magnitude of washback motion
ideally should be below the threshold value, so that it cannot
be sensed by the simulator operator.

The human senses a force environment by means of the
mechanoreceptors of the joints, muscles, and skin, and the
specialized vestibular apparatus of the inner ear. The
mechanoreceptors of the skin, joints, and muscles are sen-
sitive to movement of the body members in relation to one
another, and to changes in the forces in contact with the body.
Within the vestibular system, the otolith organs of the utricle
and saccule respond to linear accelerations, whereas angular
acceleration is the adequate stimulus for the semicircular
canals. However, as Guedry30 has explained, for acceleration
stimuli having frequencies in the same bandwidth as natural
head movements, the output of the semicircular canals, and
eventually sensation, copies the stimulus angular velocity.
Since motion system response is within the bandwidth of
natural head movements, it is clear that the magnitude of
angular motion cues should be expressed in terms of stimulus
velocity.

Figure 3 presents results of a number of experiments that
have tested whether angular motion thresholds are determined
similarly by angular velocity. Clark and Stewart,31 Van
Egmond et al.,32 Fennessey,33 Guedry and Richmond,34 and
Meiry21 presented angular acclerations over a range of
magnitudes (the abscissa) to subjects, who had to indicate
when they could sense motion or identify its direction. The
response latency is shown on the ordinate. Doty35 used a
forced-choice staircase procedure in which fixed durations of
angular acclerations were varied in magnitude to reach
threshold value. Insofar as the values from each experiment
lie on a line with a slope of minus one (that is, are parallel to
the line marked aT=k), the product of acceleration
magnitude and duration is a constant. This constant is the
velocity threshold to rotational motion for stimuli up to 10-
sec duration. From Fig. 3, the velocity threshold lies between
1.6 and 9 deg/sec"1 (27.9-157.1 mrad/sec'1). Hence, when
dealing with angular motion cues of the sort of frequencies
generated by flight simulators, both the dynamic response of
the sensory system and the threshold values of that system are
determined by the change in angular velocity.

Although estimates of the magnitude of thresholds to
angular motion in an operational simulator are desirable,
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Fig. 3 Experimental results for time to perceive angular motion as a
function of acceleration magnitude.
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there are a number of problems in taking laboratory threshold
data and extrapolating them to the simulator:

1) There is a lack of data on thresholds for rotation about
anything other than an earth-vertical axis. Huddleston36

identifies roll and pitch as the two most important simulator
axes, and in the simulator these involve rotation about an
earth-horizontal axis. Clark37 reviews rotational threshold
data from 25 sources, of which 23 are for yaw motion about
earth-vertical axes, and one is for pitch about an earth-
horizontal axis. Only one source (Meiry21) concerns roll
motion, and this is about an earth-vertical axis, as were Clark
and Stewart's38 investigations of acceleration thresholds
about all three body axes. Kirkpatrick and Brye,39 however,
investigated thresholds for pitch motion about an earth-
horizontal axis in a simulator. In summary, for earth-
horizontal rotation axes, there are two sources of pitch
threshold data, and no sources of roll threshold data. The
difference between rotation about earth-vertical and earth-
horizontal axes is that in the latter case motion detection may
well depend upon the sensitivity to tilt. Since static tilt in-
volves reorientation of the otoliths to gravity, sensitivity can
be expressed in terms of the change in linear acceleration.
Sensitivity to changes in linear acceleration has been measured
in blindfolded subjects between 0.03 and 0.2 m/sec~2 by
Walsh,40'41 using oscillatory stimuli, and estimated at 0.06
m/sec~2 by Meiry,21 using constant accleration profiles.
Sensitivity to the oculogravic illusion (when subjects' eyes
were open) is calculated from Graybiel and Patterson's data
at 0.25 m/sec-2 (see Guedry,30 p. 82), higher than the
majority of sensation threshold data.

2) In the simulator motion cues occur in more than one axis
at once; some may be superimposed on others, such as
simulated turbulence, and the amplitude/time function of the
motion is different to that typically studied in the laboratory.

3) The third reason why thresholds to motion cues in
operational flight simulators may be different from those
measured in laboratories is considered by some authors to be
the most important (Guedry,30 Staples,42 Stewart43). These
authors identify a potentially important difference: in the
laboratory, the subject usually is required to sit with eyes
closed, or look at a spot of light, and concentrate on detecting
the presence/absence or direction of motion. In the
operational simulator, however, things are very different. The
operator has a complex cognitive and perceptual-motor task
to perform in flying the simulated aircraft. Authors often
have asked for threshold data under more realistic conditions
such as these. An indication of the effect of a concurrent task
upon absolute thresholds is given by Kirkpatrick and Brye.39
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Fig. 4 Roll stimulus profiles: A, largest stimulus; B, smallest
stimulus.

Thresholds to pitch, heave, and surge motion in a simulator
were determined in the presence and absence of a one-axis
visual steering task, akin to driving down a road in the
presence of crosswinds. For surge motion, the task raised
thresholds only for acceleration in the aft direction. There was
no effect for heave motion, and only limited indication of
decreased sensitivity for pitch acclerations. On the whole,
therefore, the data are suggestive only of threshold elevation
in the presence of a perceptual-motor task. However, the
perceptual-motor task is only one aspect of the simulator
operator's workload, there is, in addition, a demanding
cognitive information-processing element. It is sensible to ask
whether introducing a cognitive task during threshold
measurement would elevate threshold levels.

The overall aim of the experiment was to obtain threshold
values for motion stimuli under conditions that were more
representative of those of an operational flight simulator than
had been obtained by other authors. The experiment in-
vestigated the effects of a concurrent cognitive task on
thresholds to angular motion. For the reasons outlined
previously, the motion axis was roll about an earth-horizontal
axis, and the motion device used was a flight simulator. The
amplitude/time course of the motion waveform was that
which normally was produced by the simulator in response to
a brief aileron deflection. The magnitudes of the motion
stimuli were scaled in angular velocity terms.

Method
Apparatus

Motion stimuli were presented to subjects sitting in a
Redifon 101 flight simulator. The simulator was 'on the
ground,' with the engines and instruments off. The pitch
system of the simulator was frozen throughout the ex-
periment. Roll motion cues were obtained by a signal from a
PDF-12 computer, which was equivalent to a brief (0.25-sec)
full-scale aileron input to the left or right. This caused the
simulator to reach peak velocity in 0.25-0.3 sec. The
simulator's washout returned this to zero in a further 1.7 sec,
and the washback returned it to the upright position in a
further 5 sec (see Fig. 4). Different magnitudes of the motion
cue were controlled by the computer via an independent
circuit. Calibration of the motion cues was in terms of the
peak velocity. Figure 4a shows the largest stimulus magnitude
used in threshold measurement, and Fig. 4b shows the
smallest.
Subjects

Ten subjects were used. Four were female students and
assistants, whose ages ranged from 19-40 years, none of
whom had had any previous flying or simulator experience.
Of the six male subjects, there were three trainee pilots with
about 100-hours of jet experience and a little simulator ex-
perience, one engineer with little flying and simulator ex-
perience, one transport pilot with extensive flying and
simulator experience, and one chief technician with little
flying but extensive simulator experience. Their ages ranged
from 22-34 years. All were in good health and had never
suffered from inner ear disorder. All subjects sat in the left-
hand seat of the simulator, and all but one were strapped in
normally. All wore a headset throughout the experiment.
Procedure
Psychophysical Procedure

The psychophysical procedure that was adopted was a
forced-choice double random staircase. A PDF-12 computer
controlled the sequence of trials, the presentation of stimuli,
and the printing and calculation of results. The program was
written so that the procedure used would be virtually identical
to that described by Clark and Stewart.44 There were only
three differences in procedure from that described by these
authors: 1) an estimated midpoint above and below which the
stimulus steps ranged, was not measured individually for each
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subject, but remained the same for all subjects; 2) threshold
was calculated as the mean of 40 trials after the staircases had
crossed; 3) subjects received knowledge of results (the number
of incorrect responses) after each block of 8 trials, and 5-min
rest periods were enforced after 8 and 24 trials after
crossover.

The structure of each trial was as follows. Subjects held on
their laps a small box on which were mounted a "warning"
light, a "stimulus-ceased" light, and two response buttons,
"left" and "right." A trial began with the "warning" light
illuminating for 0.5 sec. One second later the motion stimulus
was presented at the appropriate level, a roll to either left or
right. After 8 seconds, when the simulator was back in the
upright position, the "stimulus-ceased" light started flashing.
Subjects extinguished this light by pressing either the "left"
or "right" button, depending upon their judgement of the
direction of roll. After 10-30 sec, the warning light came on
for the next trial.

Cognitive Loading Task
The requirements for the cognitive task were that it should

be capable of computer control, easily started and stopped,
and should engage the subject in cognitive activity as com-
pletely as possible when it was present. A task that fits these
requirements is that of adding three to aurally presented
numbers. Performance on the task during simulator piloting
has been used successfully as an index of pilot workload
(Green45), showing that it has cognitive demands in common
with the task of piloting a simulator. A further advantage was
that, simply by issuing different instructions, the separate
components of the task (auditory, verbal, and cognitive)
could be assessed for their effect on thresholds.

The aural material consisted of random numbers in the
range 0-9, read onto a tape recorder at 1.5-sec intervals. In
order to present this material to the subject, the computer
operated a tape recorder by means of the latter's remote pause
facility. The numbers started when the "warning" light came
on, and ceased when the "stimulus-ceased" light came on. In
this fashion, the numbers were presented over the subject's
headset concurrently with the motion stimuli. The four
conditions of the mental loading task were as follows.

Task 1: No numbers were presented. Subjects were
engaged solely in the task of detecting the direction of roll
motion.

Task 2: Numbers were presented as described previously.
However, subjects were told to ignore them and concentrate
solely on the task of detecting motion.

Task 3: Numbers were presented as described previously.
Subjects were told to shadow the numbers, that is, to repeat
back each number as it arrived. Although subjects also had to
perform the motion detection task, they were told to devote as
much attention to the number task as was necessary to prevent
them missing numbers.

Task 4: Numbers were presented to subjects who were
required to add three to each number as it arrived and reply.
Again, subjects were told that they must not miss numbers,
even though they had the motion detection task to do.

During tasks 3 and 4, the experimenter monitored subject's
output and, if necessary, during interblock pauses, chastized
subjects for missing numbers. In fact, this was rarely
necessary.

All subjects took part in a practice and familiarization
session prior to the experimental sessions. During the initial
stages of this session they were given verbal knowledge of
results about the correctness of each response. The four tasks
were presented, explained, and subjects were allowed to
practice them. Each subject performed all four tasks, each
task occupying a 1-hr experimental session. The order of tasks
was counterbalanced within two groups of four subjects, with
the remaining two subjects having the same order as the first
two. Most subjects had one session (including the practice
session) a day on consecutive days, except for three subjects,
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Fig. 5 Computer output for one subject showing results of double-
random staircase procedure. Horizontal axis is stimulus magnitude,
vertical axis is trial number. The points have been joined up by hand.

who served in sessions in the morning and afternoon of the
same day.

Results
Figure 5 shows typical output from the computer for a

subject engaged in task 4. The horizontal axis represents
increasing peak velocity magnitude, from left to right, and the
vertical axis gives the trial number. Threshold was taken as
the mean of the steps presented to subjects. In addition, the
standard deviation of the staircase was calculated in order to
provide a measure of the variability of the subject's per-
formance under each of the four task conditions. The data,
averaged over 10 subjects, are shown in Table 1 and Fig. 6.

Differences between tasks were investigated by means of t-
tests. Threshold angular velocity was significantly lower
under task 1 than task 4 (t = 2.58, df=9\ f0.05 = 2.25h and
also lower under task 2 than task 4 (t = 2.82, df=9;
70.05 = 2.26). Threshold angular velocity under task 3 did not
differ significantly from that under tasks 1, 2, or 4. Staircase
standard deviation did not differ significantly between tasks.

Discussion
Task Effects

One reason for conducting the present experiment was to
investigate whether a cognitive task had any effect upon
thresholds to motion in a flight simulator. The results clearly
indicated that there was an effect. For tasks 1 and 2, in which
the subject was not required to perform any information
processing in addition to detecting motion, thresholds were
identical. These thresholds were numerically smaller than
those observed when the subject was engaged in shadowing,
and significantly smaller than the thresholds observed when
subjects had to perform a demanding task of adding three to
rapidly-occurring numbers. It seems clear that, as the
processing demands of the tasks increased, the threshold was
raised.
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Table 1 Mean roll threshold, mean staircase standard
deviation, and between-subject standard deviations

for the four tasks, values in deg-sec ~ l

Mean threshold
S.D. (between subjects)
Mean staircase standard

deviation
S.D. (between subjects)

Task 1
0.12
0.032

0.107
0.017

Task 2
0.12
0.042

0.102
0.015

Task 3
0.15
0.041

0.107
0.018

Task 4
0.17
0.07

0.109
0.02

It is appropriate to ask why threshold was raised. It is
unlikely that a change in threshold was brought about by
changes in the neural mechanisms involved. In the lower levels
of the auditory pathway of animals, Wicklegren46 has shown
no change in neural activity consequent upon the activity or
state of the animal. Hence, it appears that a change in
threshold was brought about by a change in the amount of
capacity that could be devoted to the output of motion
detection mechanisms. Norman and Bobrow47 provide the
terminology to explain why motion detection should be af-
fected by a mental loading task. The motion detection process
itself is primarily 'data-limited,' in that performance depends
most upon the quality of the motion stimulus (i.e., its am-
plitude, duration, presence of noise, etc). However, a portion
of the motion detection task is 'resource-limited,' in that a
minimum amount of processing capacity is necessary.
Normally this minimum requirement is available, but when
performance of the cognitive task takes up much of the total
processing capacity, that which can be allocated to the motion
detection task falls below its minimum requirement.

There are two explanations of what can happen to an at-
tentional channel when there is insufficient processing
capacity allocated to it. These are the attenuation and
blocking hypotheses of attention (Moray48). The distinction is
between an attenuation of all signals on a particular at-
tentional channel, or the total blocking of some signals on
that channel. In many laboratory tasks the net result of these
two processes would be identical. An increase in error on a
task of 40% could result from all signals being attenuated by
40%, or 40% of the signals being blocked. However, in the
threshold situation it was possible to distinguish between these
two hypotheses.

In order to distinguish between the attenuation and
blocking hypotheses, a simple computer model was set up of
the subject's behavior in a two-alternative forced-choice
threshold procedure. This model said that for any stimulus
there was a probability (g) of the subject having to guess his
response, because the output of the motion detector was
blocked. If the subject had to guess, then the probability of a

Threshold with one standard deviat ion
(across subjects)

Mean sta i rcase standard d e v i a t i o n
( w i t h i n sub jec ts ) w i th one standard
dev ia t ion ( across sub jects)

0-1

Task 1 Task 2 Task 3 Task U
No task L i s t e n i n g Shadowing A d d i n g 3

Fig. 6 Results of experiment showing angular velocity thresholds
under four task conditions, together with the standard deviation of
the staircase.

correct response was 0.5. However, if the subject did not
guess (probability 1-g), then whether the stimulus was above
or below a value necessary to provoke a critical level of
sensory excitation (S) determined his output. If the stimulus
was above S, the response was correct. If the stimulus was
below 5, the subject guessed his response, with a probability
of 0.5 of being correct. [The threshold aspect of this model is
that of high-threshold theory. More properly, according to
signal detection theory (Green and Swets49), S is stochastic in
nature, and influences the probability of correct 'guessing.'
However, this does not invalidate the present simple model as
long as the distribution of S remains independent of the
probability of stimuli being blocked.] The model therefore
had two parameters, g and S, which could be varied in-
dependently. An attenuation model of attention would predict
an increase in S with no change in g. However, a blocking
model would predict no change in S, but an increase in g,
because stimuli were being blocked. The output of this model
was a simple correct/incorrect decision about each stimulus,
and this output was fed into the computer program, which
controlled the double-random forced-choice staircase
procedure.

The results of this stimulation were unambiguous. With S
increasing and g constant, the staircase mean increased, but
the standard deviation of the staircase remained constant.
Holding S constant and increasing g caused an increase in
staircase mean together with an increase in the staircase
standard deviation.

The results of this simulation can be compared with the
experimental data shown in Table 1. It is clear that, whereas
measured threshold increased with increasing mental loading,
the mean standard deviation of the staircase did not. Hence
thresholds to motion appear to suffer from attenuation rather
than blocking in the presence of a concurrent task. The exact
nature of such an attenuation process is a matter open to
discussion, and is beyond the scope of this paper. However,
all sensory information is subjected to stages of analysis and
storage before it forms the basis for decisions, and at-
tenuation probably is best regarded as a reduction in the
processing performed on the motion stimulus.

Threshold Determination
A further aim of this experiment was to determine

thresholds for roll motion in the Redifon 101 flight simulator.
An unexpected outcome of the experiment was the magnitude
of the angular velocity thresholds, which averaged 0.12
deg/sec"1 (2.1 mrad/sec"1) under no-task conditions.
Measurements by previous authors for thresholds to angular
rotation about an earth-vertical axis, shown in Fig. 3, are in
the range 1.6-9 deg/sec'1 (27.9-157.1 mrad/sec-1)- The
obvious explanation for the present finding of very small
threshold values for angular velocity is that subjects were
detecting tilt or radial and tangential linear acclerations,
because that they were some distance from an earth-
horizontal rotation axis. The calculated value of tilt at
threshold value with no task was 0.024 m/sec"2 and
calculated tangential and radial accelerations were 0.028 and
0.000014 m/sec~2 , respectively. The tilt and tangential ac-
celerations were slightly lower than the lowest previous
estimate of threshold to linear accelerations of 0.03 m/sec~2

(Walsh41).
The fact that the actual threshold values were smaller than

those previously estimated led to the suggestion that the
actual linear acceleration environment in the simulator cab
might have been somewhat different from the calculated one.
This would be true if there was significant jerk as the
simulator rolled, due to stiction in the roll motion jack.
Accordingly, linear accelerations were measured in the earth-
horizontal and earth-vertical plane. Figure 7 shows horizontal
linear acceleration, measured through a 10-Hz low-pass filter,
by an accelerometer mounted on the instrument panel coving
in front of the pilot at average head height. The upper curve in
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Fig. 7 Horizontal linear acceleration of simulator at head height:
upper, at largest stimulus value; lower, at threshold value.
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Fig. 8 Vertical linear acceleration of simulator at head height: upper,
at largest stimulus value; lower, at threshold value.

Fig. 7 shows the acceleration when the simulator was set to
roll with a velocity equal to the largest stimulus value used in
the experiment, and the lower curve shows it with a velocity
equal to the mean no-task threshold value. Accelerometer
records for a point in the simulator level with the pilot's seat
were identical in shape, with linear acceleration magnitude
reduced by a factor of 0.6 to 0.8. Figure 8 shows readings for
earth-vertical linear acceleration measured under the same
conditions as those shown in Fig. 7.

The record of horizontal linear acceleration at threshold
velocity value (Fig. 7 lower) shows a decaying series of jerks
with frequency of about 2 Hz. At pilot head height, the largest
peak was an acceleration of 0.14 m/sec~2 , and at pilot seat
height of 0.11 m/sec~2 . Although there are no data for
threshold to linear acceleration along the y body-axis for 2-Hz
oscillation, the present values are greatly in excess of Walsh's
data41 for >>-axis thresholds at 0.66 Hz, which averaged at
0.054 m/sec~2. Since all subjects but one were strapped into
the pilot seat, and since studies of transmissability of y-axis
oscillation from the seat to the head of unstrapped subjects
have shown gain of about unity in the region of 2 Hz50'51 it
seems likely that the magnitude of the motion stimulus
reaching the skull was in excess of previously measured
threshold values. Therefore, it can be advanced that the
threshold value in the present experiment was determined by
otolith activity. The only evidence against this is anecdotal;
subjects spontaneously reported that they had detected
motion by means of pressure changes on the buttocks and
back as the simulator rolled. Whether this was true across the
whole range of stimulus magnitudes is not clear.

The present experiment has demonstrated that the
magnitude of thresholds to motion stimuli depend upon the
amount of processing resources available for motion
detection. This was demonstrated by applying a loading task
to the subject to manipulate the availability of processing
resources. In the operational flight simulator, presence of

resources for motion detection depends not only upon the
effects of task loading, but also upon the voluntary allocation
of resources to motion detection. The latter is simply another
term for directing attention to the motion stimuli, and the
sum of the effects of task loading and direction of attention
produce the phenomenon that motion cues are largely un-
noticed when flying the simulator. Although it would be
possible to investigate many more types of task loading per se,
it is arguable that threshold measurement studies never can
produce data that are relevant to the simulator. The problem
is raised because this experiment has demonstrated a clear
effect of resource availability on motion thresholds. What
influences resource availability is not only the workload
aspect of flying a simulator, but the effect of the priority of
tasks within the simulator on the voluntary directing of at-
tention. In the simulator, detection of motion is likely to have
minimal priority. However, any conventional threshold-
measuring technique, even in the presence of a realistic task,
requires the subject being instructed to give motion detection
near-maximum priority. Hence, it entirely alters the priority
that the subject places upon detecting motion from that which
exists in the operational flight simulator. The mere act of
measurement renders the experiment unrealistic. In order to
determine those threshold levels to motion which are in
principle present during flight simulations, a procedure must
be used which does not involve the subject attending to
motion cues to an unrepresentative extent.

Such a procedure would be to investigate the operator's use
of motion cues during tracking. This was recommended
earlier as a procedure for determining motion requirements
for flight simulation. It is clear that a type of threshold data
can be supplied by this technique. All that is required is to
look for a minimum value of motion in any axis that has an
effect upon the operator's control activity or tracking per-
formance. Once this minimum value has been established, it
can be treated as an effective threshold to motion. Further, it
is immaterial whether the operator can perceive motion cues
at levels that influence his control behavior. Use of effective
thresholds to motion cues means that such threshold data
would reflect the use that the operator makes of motion cues.
This seems to be an advantage over using data that reflect
whether the operator can sense the cues, if asked.

Arguments presented in this paper make it clear that there is
much to recommend abandoning the sensory threshold to
motion as a useful concept for flight simulation, and to use
instead values of an effective threshold to motion, which are
determined by observing an operator's control behavior.
However, it is questionable whether the concept of effective
threshold itself is of any practical significance for simulator
design. The concern with motion system research is that
simulator motion system response can support pilot control
behavior, which is acceptably similar to that which is observed
in flight. Earlier in this paper it was proposed that motion
system parameters should be determined by scaling down
motion system response (reducing magnitude of onset rates
and raising magnitude of washout rates) while observing
control activity. Such data would provide a quantitative base
for decisions about motion cue sophistication. This approach
is similar to that outlined in the ASUPT research proposals
(Kron52). In light of such data concerning the acceptable
levels of onset and washout rates, it is arguable that data on
thresholds to motion (be they traditional sensory thresholds
or the effective thresholds proposed here) are largely
irrelevant. The problems with sensory thresholds have been
outlined previously. An effective threshold to motion
provides no more data on motion system sophistication than
do data on acceptable levels of response, and bears no
quantified relationship to either onset or washout rates.
Hence, it is not a parameter that can be incorporated in
motion system drive profiles, although presumably it will be
similar in magnitude to the maximum acceptable washout
rate. Nonetheless, an effective threshold to motion may be
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useful, because it would be a relatively stable descriptor of
human response to motion, whereas a set of parameters
describing that simulator motion able to support acceptable
control behavior would be more equivocal in nature, and
perhaps less universal in its application across a range of
simulators.

Conclusions
The discussions and data presented in this paper argue that

sensory threshold data may be largely irrelevant for motion
cue design, and that the use of effective thresholds is to be
preferred. Further, it is argued that motion system parameters
that will support acceptably flight-like control activity are
more relevant than any form of threshold data. If we identify
a continuum in these arguments, with concern for human
sensory characteristics at one end, passing through a region of
concern for the within-cab behavior of the pilot, it may be
salutary to consider the other end of the continuum, where the
concern is for the evaluation of motion cues, contributing to
the goal of a training system. Recent evidence53 suggests that
the training role of motion cues is not clearly identifiable.
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