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An experiment was conducted on the University of Toronto Institute for Aerospace Studies Flight Research

Simulator to determine the minimum phase lead of pitch motion cues relative to pitch visual cues that can be

consistently detected by a human observer. The effects of pitch frequency and amplitude, motion gain, and visual

scene complexity on the detection threshold of the phase error between the visual and motion cues was determined.

The mean detection threshold of the phase error averaged across all subjects and conditions was 57 deg. Pitch

amplitude significantly affected the detection threshold of the phase error. Higher amplitudes led to lower detection

thresholds.Motion gain also had a significant effect on the detection threshold of the phase error when the frequency

was 0.2 Hz or the visual complexity was low. Higher motion gains led to lower detection thresholds. The frequency

had a significant effect on the detection threshold of the phase error when the motion gain was 0.5 or the visual

complexity was low. Higher frequencies led to lower detection thresholds. The direction of the frequency effect

suggests that subjects performmore like motion-visual phase detectors thanmotion-visual time delay detectors. The

results of the experiment were used to analyze pitch high-pass washout filters. The analysis suggests that the break

frequency for a second-order washout filter should be lower than 0:13 rad=s and the break frequency for a first-

order filter should be lower than 0:2 rad=s to keep the motion-visual phase error below the measured human

perception limit.

Introduction

H UMANS have multiple sensors for detecting self-motion. At
very low frequencies, human motion perception is dominated

by visual cues; at high frequencies, motion perception depends on a
variety of sensors, including the vestibular system and
somatosensory system that respond to motion through inertial space
[1]. At intermediate frequencies, all of these sensors can contribute
significantly to the perception of motion. In real world self-motion,
all of these cues are coherent, although occasionally ambiguous. In a
flight simulator, the cues are rarely coherent. In a flight simulator the
computer generated visual scene is typically presented with a
transport lag along with many other imperfections. The gravito-
inertial cues, provided by the simulator motion system, have a phase
and amplitude error that is dependent on the frequency content of the
input, the dynamic response of the motion system, and the structure
and tuning of the motion drive algorithm (MDA). At relatively low
frequencies, the MDA generates phase lead due to the use of high-
pass filters and this lead usually dominates over the phase lag of the
hydraulic motion system. Therefore, at frequencies where both the
visual and motion cues are important, there is usually a large phase
difference between the visual and the gravito-inertial cues, with the
gravito-inertial cues leading the visual cues. This phase error has the
potential to reduce the controllability of the simulated vehicle,
increase simulator sickness [2], and reduce the perceived fidelity of
the simulation. The motion-visual phase-error effect on perceived
fidelity and simulator sickness is of increased concern for modern,
flexible aircraft. The addition of lightly damped, oscillatory flexible

modes to the simulator flight model will introduce sustained low-
frequency aircraft motions that will in turn lead to sustained motion-
visual phase errors in the flight simulator. Similarly, the motion-
visual phase error is of concern for marginally stable aircraft as
lightly damped oscillatory aircraft motions are also likely.

A number of previous studies [3–5] have examined the interaction
between visual and vestibular motion stimuli on the perception of
self-motion for both rotational and translational motion. In general, it
was found that visual motion can mask inertial motion and that the
addition of inertial motion to visualmotion reduces the response time
for perception. For yaw motion, Young et al. [3] found that visually
induced motion (circular vection) can mask inertial motion in the
opposite direction to the visually induced motion, and that the visual
and inertial motion cues add together in a nonlinear manner to
produce the perception of self-motion. Young [1] also suggests that
when visual and motion cues are in conflict, the motion cues will
initially dominate. Hosman and van der Vaart [4] found that the
addition of inertial motion to visually induced motion reduced the
response time for subjects to detect the final roll attitude resulting
from the response of a second-order system to a step input in roll
acceleration. Reid et al. [5] found that visually induced sinusoidal
motion could mask inertial motion when it is in the same direction as
the visually inducedmotion, particularly for frequencies below 1Hz.

A number of studies [6,7] have also investigated the effects of
delay in the visual and motion cues on pilot performance and
workload. These studies found in general, that when the visual cue
lags the motion cues by a significant amount (250 ms for [6] and
68 ms for [7]), pilot performance and workload are degraded.
Hosman and van der Vaart [4] examined the effects of central visual,
peripheral visual, and inertial motion cues on human control of a
second-order vehicle model. They found that peripheral visual
motion and inertial motion provided velocity information quicker
(with motion being the quickest) than the central visual motion and
therefore pilots could improve their control of the vehicle for
disturbance and tracking tasks when either stimuli was present.
Chung and Schroeder [8] examined the effects of visual-inertial
motion synchronization on pilot control, handling quality ratings
(HQR), motion fidelity, and perceived motion consistency for a
sidestep maneuver in a helicopter simulator. The study varied the
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delays for the visual signal, the roll motion, and the lateral motion
between 45, 85, and 125 ms. The results of the study are rather
difficult to interpret, but in general, a lack of synchronization
between the visual and motion cues degraded pilot performance and
HQR. The authors went on to suggest that the roll and lateral motion
should be synchronized with each other and they should not lead the
visuals, which should have a total delay of less than 100 ms. They
also found that delays in the lateral motion and roll motion of the
simulator could affect perceived fidelity, although somewhat
surprisingly the highest fidelity did not occur at the lowest delay. In
addition, although the results were difficult to generalize, they found
that pilots could likely detectmotion-visual synchronization errors as
small as 85 ms.

To date there has been no direct measurement of the detection of
the phase error between the visual and motion cues in a flight
simulator. It is expected that a phase error between the visual and
motion cues could lead to at least two closely related effects on the
motion perception. First, there could be a reduction in vection due to
the conflicting motion-visual signals [1], and second the pilot may
actually detect the phase error between the two signals, destroying
the illusion of flight. Of particular concern in this paper is the
detection of the phase error between motion and visual cues. The
impact of the phase error on the perception of self-motion is also of
interest to simulation engineers, but it is not directly considered in
this paper. The detection of the motion-visual phase error is
important for low-frequency structural vibrations, which often do not
enter the pilot control loop. The phase error between the visual and
motion cues in this case could have a significant effect upon the
perceived fidelity of the simulation without affecting controllability.
Flexible aircraft often exhibit bending modes that can lead to modest
pitch and heave motion at the cockpit; see Waszak and Schmidt [9],
for example. The heave motion is unlikely to lead to mismatched
visual andmotion cues as there is little change in the out-the-window
visual scene for the modest vertical motions associated with aircraft
flexing (unless in close proximity to objects). Therefore, only the
detection of the phase error between the visual and motion cues for
the pitching motion was examined in this study.

An experiment was conducted to determine the minimum amount
of phase lead of sinusoidal pitch gravito-inertial (motion) cues
relative to sinusoidal visual pitch cues that can be consistently
detected by the human observer in a flight simulator environment.
The study explored the effects of pitch amplitude, pitch frequency,
motion gain, and visual scene complexity on the detection threshold
of the phase error between the visual and motion cues. The results of
the study contribute to the understanding of human motion
perception and provide motion system tuners with valuable
measurements.

Experimental Method

The experiment was an exploratory four factor, full factorial,
within subjects, repeated measures design. Two treatment levels
were chosen for each factor to span a region of interest, see Table 1.
An upper frequency of 1 Hz was chosen, because although flexible
modes are often at higher frequencies, the visual pitch attitudes
resulting from higher frequencies are extremely small for reasonable
angular accelerations. A lower frequency bound of 0.2 Hz was
chosen because little simulator cab motion will be generated for
lower frequencies when typical high-pass washout filters are used
[10]. In addition, aircraft are unlikely to have flexible modes below
0.2 Hz. The amplitudes of the sinusoidal pitch motion (pitch
velocity) were determined primarily from motion base limitations
and visual signal requirements. Table 2 shows the amplitudes of the
corresponding visual andmotion sinusoidal pitch states. As shown in
Table 2, the large pitch velocity (5:73 deg =s) at 0.2 Hz leads to a
pitch attitude of 4.56 deg and the large pitch velocity at 1Hz leads to a
pitch acceleration amplitude of 36 deg =s2, both of which can be
duplicated with unity scaling on the University of Toronto Institute
for Aerospace Studies (UTIAS) motion system. The small pitch
velocity (2:29 deg =s) at 1 Hz generates a maximum visual pitch
attitude of only 0.37 deg, small but still above the resolution limit of
the flight research simulator (FRS) visual system and the human
observer [11]. The small visual pitch velocity of 2:29 deg =s is also
well above the threshold of visual velocity detection [11]. The small
pitch velocity (2:29 deg =s) with a motion gain of 0.5 results in a
motion pitch velocity of 1:15 deg =s, which is within the human
vestibular perception range [12]. Amotion gain of 0.5 is typical for a
flight-training device and a gain as large as 1.0 is possible for
engineering simulators. The high complexity scene, shown in Fig. 1,
is at an altitude of 4.6m in front of a townwith fine detail texture. The
low complexity scene, shown in Fig. 2, is a sparse visual scene at an
altitude of 4572 m. The two scenes were chosen to span the set of
visual scene complexities used in most flight simulators.

For sinusoidal motion, only one pitch state (attitude, velocity, or
acceleration) can be held constant across the two test frequencies.
Pitch velocity was chosen for the amplitude factor because it fits
between the visual and motion perception states. Pitch velocity is the
derivative of the direct visual perception state of pitch attitude, and
velocity is the integral of the direct inertial motion perception state of
angular acceleration. There is also evidence that humans can estimate
velocity from a visual scene [4], and the vestibular system can be
considered a velocity sensor in the 0.2–1 Hz range when the
vestibular system dynamics are included [13].

The detection threshold of the phase errorwas determined using an
adaptive Levitt method [14], which is a well-established
psychophysical testing procedure. This procedure was used to
converge on the phase error that led to detection of the phase error
79% of the time. This phase error will be referred to (somewhat
erroneously) as the phase-error detection threshold, or simply the
phase-error threshold. In fact, there is no absolute threshold; there is a
probability of detection that depends on the magnitude of the phase
error. The probability of detection is best described by a
psychometric curve [15], which is a plot of the probability of
detection versus the amplitude of the signal being detected (in this
case the phase lead of the motion signal relative to the visual signal).
The entire curve is required to describe the complete detection

Table 1 Experimental factors and levels

Factor High Low

Frequency 1.0 Hz 0.2 Hz
Amplitude (pitch velocity) 5:73 deg =s 2:29 deg =s
Motion gain 1.0 0.5
Scene complexity High Low

Table 2 Visual and motion sinusoid pitch amplitudes

Experimental condition Visual pitch amplitude Motion pitch amplitude
Frequency, Hz Motion gain Amplitude, deg =s Attitude, deg Velocity, deg =s Accel., deg =s2 Attitude, deg Velocity, deg =s Accel., deg =s2

0.2 1.0 5.73 4.56 5.73 7.20 4.56 5.73 7.20
0.2 0.5 5.73 4.56 5.73 7.20 2.28 2.87 3.60
0.2 1.0 2.29 1.82 2.29 2.88 1.82 2.29 2.88
0.2 0.5 2.29 1.82 2.29 2.88 0.91 1.15 1.44
1.0 1.0 5.73 0.91 5.73 36.0 0.91 5.73 36.0
1.0 0.5 5.73 0.91 5.73 36.0 0.46 2.87 18.0
1.0 1.0 2.29 0.37 2.29 14.4 0.37 2.29 14.4
1.0 0.5 2.29 0.37 2.29 14.4 0.18 1.15 7.20
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process. The Levitt procedure produces an accurate estimate of a
single point on the psychometric curve because most of the
measurements occur around the chosen probability of detection level
(in this case 79%).

In this experiment, a modified 1-up 3-down response sequence
was used. Each trial in the experiment consisted of two intervals, one
with themotion and visuals in phase and onewith themotion leading
the visuals by a given amount. At the end of each trial, the subject
selects the interval they believe contained the synchronized visual
and motion cues. In the 1-up 3-down sequence, the phase error is
reduced when three consecutive correct responses occur. One
incorrect response leads to an increase in the phase error. The
procedure is begunwith a large phase error so the chances of an initial
correct response are high. Two modifications were made to the
standard Levitt 1-up 3-down procedure to increase the convergence
performance. First, a 1-up 1-down sequence was used until the first
reversal in the phase-error adjustment direction (decreasing to
increasing or vice versa) occurred [16], at which point the 1-up 3-
down procedure was used. Second, as suggested by Levitt [14], the
magnitude of the phase-error adjustment was adapted during the
procedure. For thefirst four reversals, 4 dB changes in the phase error
were made. After the fourth reversal, 2 dB changes in the phase error
weremade. This speeds up the convergence, yet still provides precise
threshold estimates toward the end of the procedure. A session was
terminated after 10 reversals in phase error or 40 trials. The
“threshold” is then estimated by averaging the phase error at the fifth
and subsequent reversals. For cases where the run was terminated
before 10 reversals and there were an odd number of trials, the
threshold was estimated by averaging the phase error at the fourth

and subsequent reversals. The total time for a session was
approximately 30 min. An example of the Levitt procedure from the
experiment is shown in Fig. 3. For this case, the phase-error threshold
was determined to be 11.9 deg.

Experimental Setup

The experiment was conducted on the UTIAS FRS shown in
Fig. 4. The FRS consists of aDC-8 simulator cabmounted on top of a
CAE 300 Series hydraulic motion system. The motion system is a
0.914m stroke, Stewart platform. The system is capable of�20 deg
of pitch, �25 deg =s of pitch velocity, and �400 deg =s2 of pitch
acceleration. The system has a bandwidth (defined by the 3 dB gain
point) of 10 Hz. Grant describes the motion characteristics of the
system in detail [17].

A CAE Maxvue® Enhanced B image generator was used to
generate the visual scene. The system, as installed at UTIAS, had a
transport delay of 78 ms (from visual system command to half a
screen refresh). The image was refreshed at 60 Hz noninterlaced.

ACAE fiber optic helmet-mounted display (FOHMD) systemwas
used to display the visual images to the subject. The system has a
23 deg stereo overlap, a vertical field of view (FOV) of 37 deg, and a
horizontal FOV of 71 deg. The image resolution for each eye is
1056 horizontal pixels� 1144 vertical lines. The helmet system uses
a Polhemus® magnetic head tracker to determine the position and
orientation of the subject’s head relative to the simulator cab. In
addition, three orthogonal rate gyros mounted onto the helmet are
used to generate lead for rotational headmotions. The future value of
the head orientation relative to the cab is estimated bymultiplying the
measured angular rates by 0.05 and adding these onto the orientation
of the head relative to the cab. The image generator (IG) combines the
sinusoidal visual pitch attitude with the future value of head

Fig. 1 High complexity visual scene.

Fig. 2 Low complexity visual scene.
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Fig. 3 Levitt procedure for subject 2.

Fig. 4 UTIAS Flight Research Simulator.
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orientation relative to the cab, the current value of head position
relative to the cab, and the location of each eye relative to the head
point to determine the inertial position and attitude of each eye. This
position and attitude information is then used to render the visual
scene. The lead compensates for the transport delay of the IG in
response to head motions, such that the virtual world appears
stationary for typical rotational headmotions (i.e., close to zero delay
for subject head motions) [18]. Because the goal of the experiment
was to determine the phase-error threshold in a flight simulator
environment, the subject’s head was not restrained.

The sinusoidal pitching motion occurred about the head location
of the subjects. The motion stimulated both the semicircular canals
and the otoliths of the human vestibular system as the g vector tilted
in the body frame of the subjects. The pitching motion was faded in
over one cycle using a cubic ramp developed by Greig [12]. This
ramp smoothly and consistently fades in the position, velocity, and
acceleration over a cycle. After the ramp, the sinusoidal pitching
motion continues for 2 cycles at 0.2 Hz (10 s) or 14 cycles at 1.0 Hz
(14 s). The signal is then ramped back down to zero using the same
cubic ramp.

The experiment required accurate phasing of the visual andmotion
signals. This was accomplished by accurately measuring the phase
lag of the visual signal relative to the motion signals at the two
frequencies (0.2 and 1.0 Hz). The measurements were made by
comparing an actuator displacement (measured using the built-in
CAETemposonics position transducer) and the green video signal to
the helmet display CRTs. A visual database with the green intensity
as a linear function of pitch attitude was used to generate an electrical
signal that was proportional to the pitch attitude of the displayed
visual scene. The green video signal corresponds to the pitch attitude
at the middle of the current screen refresh. The time delay between
the zero crossings of the visual signal and the motion signal was
measured using a high-speed digital sampling oscilloscope. For the
interval in which the visual and motion signals were in phase, the
simulator software was programmed to delay the motion signal by
the measured visual lag. The delay was rounded off to an integral
number of time steps of the simulation step size (1=60 s) as required
by the cubic ramp algorithm. For the interval requiring motion lead,
the visual signal was delayed by the appropriate number of time
steps. The motion and visual synchronization measurements were
done with the head tracker turned off. Because the head tracker was
active during the experiment, a discussion of the head tracker effect
on the synchronization of the visual and motion signals is required.
The impact of the resulting synchronization errors on the results of
the study will be addressed in the Results section.

A short description of the head tracker system is required to
understand the effect of the head tracker on the synchronization of the
motion and visual signals. The rate gyros respond to the angular
velocity of the head of the subject relative to an inertial frame,
whereas the Polhemus® magnetic head tracker responds to the
orientation and position of the head relative to the simulator cab. A 1-
deg =s dead band is applied to the rate gyro signals to eliminate noise.
The time delay from the sampling of the head tracker system to the
start of the corresponding refresh of the IG is 58ms [18], and the time
delay from the visual pitch command in the host computer to the start

of the corresponding refresh of the IG is 70 ms [18]. Because the
measurements used to calibrate the system were taken with the head
tracker off, the motion signal was in effect, delayed to coincide with
the middle of the corresponding refresh of the IG from the host pitch
command (a delay of 78ms from the command). The accuracy of the
motion-visual synchronization when the head tracker is active
depends on the motion of the subjects’ heads. Because the subjects’
heads were unsupported, four different cases were analyzed to
determine bounds on the synchronization error. The cases analyzed
were the head stationary relative to the simulator cab, the head
stationary in inertial space, a representative headmovement forwhen
the subject’s neckmuscles are held tight, and a representativemotion
for when the subject’s neck muscles are loose. For the 1 Hz motion,
these latter two cases correspond to the head moving with a gain of
1.2 and a phase lag of 25 deg relative to the simulator cab and a gain
of 1.6 and phase lag of 30 deg relative to the simulator cab,
respectively. For the 0.2Hz case, the representative headmotions are
a gain of 1.1 and a phase lag of 6 deg relative to the simulator cab
motion and a gain of 1.3 and a phase lag of 9 deg relative to the
simulator cab. The representative head motions are based on
postexperiment measurements of the headmotions of a few subjects.

When the head is stationary relative to the simulator, the magnetic
head tracker output is zero and the rate gyros experience the full
simulator motion. The rate gyros therefore generate visual lead that
was not present during the calibration. For the 1 Hz, motion gain of
1 case, an analysis of this situation shows that the visual signal (more
precisely the middle of the corresponding screen refresh) will be
28.5 ms ahead of the motion signal, when in fact they were supposed
to be synchronized. This is equivalent to 10.3 deg of visual lead. This
result was confirmed by postexperiment measurements. This case is
not achievable in practice of course, as it would require an infinitely
stiff neck or the head to be restrained.

In the following analysis, it is assumed that the subject can
perfectly infer the visual motion from a combination of their head
motions relative to their body and the motion of the visual scene
relative to their head. It is also assumed that the human can use their
other motion sensors to detect the inertial motion when required.
When the head is stationary relative to inertial space, there is no
output from the rate gyros and themagnetic head tracker experiences
the opposite motion of the simulator cab. An analysis of this situation
for the 1 Hz, motion gain of 1 case, shows that the inferred visual
signal will lead the motion signal by 58 ms, or 21.0 deg. This case is
highly unlikely in practice, however, as the subject would need to
move their head precisely out of phase with the simulator motion and
postexperiment testing showed this to be almost impossible to
achieve.

For the head gain of 1.2, phase lag of 25 deg (1 Hz, motion gain of
1, 5:73 deg =s pitch velocity), the inferred visual signal is calculated
to be 11.0 deg ahead of the motion signal. For the head gain of the
1.6 case, phase lag of 30 deg (1 Hz, motion gain of 1, 5:73 deg =s
pitch velocity), the analysis shows the visual signal is 8.6 deg ahead
of the motion signal. Similarly, for the head gain of 1.1 and a phase
lag of 6 deg (0.2Hz,motion gain of 1, 5:73 deg =s pitch velocity) the
analysis shows the inferred visual signal is 3.7 deg ahead of the
motion signal. The analysis also predicts the inferred visual signal to

Table 3 Motion-visual synchronization errors

Frequency, Hz Motion gain Amplitude,
deg =s

Visual lead, deg

Head stationary relative to cab Head stationary in inertial space Tight neck musclesa Loose neck musclesb

0.2 0.5 5.73 0.8 2.4 0.7 0.5
0.2 1.0 5.73 2.5 5.1 2.4 2.1
1.0 0.5 5.73 3.1 10.8 3.7 2.3
1.0 1.0 5.73 10.3 21.0 11.0 8.6
0.2 0.5 2.29 �0:1 2.4 �0:3 �0:4
0.2 1.0 2.29 1.4 5.1 1.3 0.9
1.0 0.5 2.29 �0:9 10.8 0.15 �1:2
1.0 1.0 2.29 5.8 21.0 7.8 5.4

aHead gain of 1.2, phase of �25 deg relative to cab for 1 Hz and head gain of 1.1 phase of �6 deg for 0.2 Hz.
bHead gain of 1.6, phase of �30 deg relative to cab for 1 Hz and head gain of 1.3 phase of �9 deg for 0.2 Hz.
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be 2.3 deg ahead of the motion signal for a head gain of 1.3 and a
phase lag of 9 deg (0.2 Hz, motion gain of 1, 5:73 deg =s pitch
velocity). These last four results were confirmed by postexperiment
measurements. The calculated synchronization errors for all the
experimental conditions are listed in Table 3. It should also be noted
that the amplitude of the pitch command to the motion system was
also corrected for the nonunity gain in the frequency response of the
FRS [17].

The CAE helmet includes an integral headset with sound isolation
around each ear. Broadband auditory noise was fed through the
headset, at a volume sufficient to mask the hydraulic actuator noise.

Nine subjects, seven male and two female, between the ages of 20
and 31 years participated in the experiment. The subjects were not
screened for vestibular or ocular defects. A session consisted of
approximately 40 individual trials. As mentioned previously each
trial consisted of two intervals. In one interval the visual and motion
signals were in phase, and in the other they were out of phase by the
current phase-error level determined by the Levitt procedure. At the
end of each trial, the subject was required to indicatewhich of the two
intervals contained the synchronized visual and motion cues by
pushing a button. Auditory tones were used to indicate the beginning
and end of the intervals and to prompt the subject for a response. In
addition, an auditory tonewas used to provide feedback to the subject
on the correctness of their response [19]. For each trial, the
synchronized motion was randomly assigned to the first or the
second interval. Because the experiment was a four factor repeated
measures study with two levels for each factor, each subject
completed 16 sessions (24), for a total time of approximately 8 h. The
order of presentation of the 16 sessions to a subject was random. To
minimize fatigue and boredom, the subjects ran a maximum of three
sessions per day with a minimum of 45 min between sessions. At the
end of each session, the Kennedy simulator sickness questionnaire
(SSQ) [20] was verbally administered. The experiment took
approximately 5 weeks to complete.

Results

A standard repeated measures analysis of variance [21] was
carried out using SYSTAT®. A treatment is considered to have a
significant effect if the probability of the null hypothesis is 5% or
below (p � 0:05). Effects are considered marginally significant if
the probability of the null hypothesis is between 5 and 10%
(0:05< p � 0:10).

Figure 5 shows the data averaged across all conditions for each
subject. The error bars indicate 1 standard deviation. As can be seen
in thefigure there is a large variation among subjects. Subject 3 has an
average phase-error threshold of over 90 deg, which is much larger
than all the other subjects’ thresholds. The pooled mean across all
subjects and all treatments is 57 deg with a standard deviation of
28 deg.

Table 4 shows a summary of the analysis of variance. As seen in
the table,motion gain, amplitude (pitch velocity), andmotion gain �
frequency � visual complexity interaction all have a significant
effect on the phase-error threshold and motion gain � frequency has
a marginally significant effect. The effect of amplitude is shown in
Fig. 6. The error bars in this and the remaining figures depict the
standard error. Smaller pitch velocities lead to larger phase-error
thresholdswith an average of 68 deg at 2:29 deg =s and an average of
45 deg at 5:73 deg =s. The effect of the pitch velocity can be
explained by considering a signal in noise detection model. The
smaller velocities lead to a smaller signal-to-noise ratio and therefore
a reduction in signal information and an increase in the threshold.

Motion gain, motion gain � frequency, and motion gain�
frequency � visual complexity are all either significant or margin-
ally significant. A graphical display of the three-way interaction is
shown in Fig. 7.As seen in thefigure the interaction appears to be due
to the 1 Hz, high visual complexity, motion gain of 1 condition
(averaged across both amplitudes). A simple effects test [21] was
used to examine the effects of frequency and motion gain excluding
the 1 Hz, high visual complexity, motion gain of 1 case. The tests
found that motion gain has a significant effect (p� 0:015) when the
frequency is 0.2 Hz, and a marginally significant effect when the
visual complexity is low (p� 0:051). Figure 8 shows the effect of
motion gain at a frequency of 0.2 Hz. The phase-error threshold
decreases from 66 to 52 deg when the motion gain is increased from
0.5 to 1. Figure 9 shows the effect of motion gain at the low visual
complexity. The phase-error threshold decreases from 64 to 52 deg
when the gain is increased from 0.5 to 1.

The increase in the phase-error threshold as the gain is increased
from 0.5 to 1 for the 1 Hz, high visual complexity case is counter to
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Table 4 Analysis of variance summary

Treatment p value

Motion gain 0:033
Amplitude 0:0
Frequency 0.372
Visual complexity 0.509
Motion gain � amplitude 0.419
Motion gain � frequency 0:066
Motion gain � visual comp. 0.264
Amplitude � frequency 0.231
Amplitude � visual comp. 0.835
Frequency � visual comp. 0.260
Motion gain � amplitude � frequency 0.396
Motion gain � amplitude � visual comp. 0.987
Motion gain � frequency � visual comp. 0:004
Amplitude � freq. � visual comp. 0.391
Motion gain � amp. � freq. � visual comp. 0.392
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Fig. 6 Amplitude effect on phase-error threshold.
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what signal detection theory would suggest. This fact and the
previous simple effects analysis suggest that the 1 Hz, high visual
complexity,motion gain of 1 casemay be an anomaly. The three-way
interaction is therefore shown separately for the two pitch velocities
in Figs. 10 and 11. The increase in phase-error threshold (at the 1 Hz,

high visual complexity, motion gain of 1) occurs at both amplitudes,
although more strongly at the 2:29 deg =s amplitude. As shown in
Table 3, the 1 Hz, motion gain of 1 cases have the largest
synchronization errors. The same synchronization errors occur at
both the high and the low visual complexity but based on signal
detection theory and extrapolation of the 0.2 Hz data, the expected
thresholds for the high visual complexity should be lower than the
low visual complexity. Therefore, one possible explanation for the
increase in the phase-error threshold with the increase in gain is that
the synchronization errors were large enough (relative to the phase-
error threshold) that the motion and visuals did not feel in phase in
either interval. Confirmation of this hypothesis requires additional
experiments.

If the improbable “head stationary in inertial space” case is
ignored, it can be seen from Table 3 that the synchronization errors
between the visual and motion signals for these conditions (1 Hz,
motion gain 1, both amplitudes) has almost a constant bias of 8 deg of
visual lead. The effect of this bias is twofold. First, the bias reduces
the phase lead of themotion signal relative to the visual signal for the
interval where the signals were out of phase, and second, the visuals
lead the motion by the bias amount for the interval when they were
supposed to be in phase.

If it is assumed that the bias is substantially below the phase-error
threshold (so the visual and motion signals in the “synchronized”
interval are still perceived as in phase), then the results can be
corrected for the synchronization errors shown in Table 3. The
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corrected phase-error thresholds can be found by subtracting the
average visual lead from the measured phase-error thresholds. The
average visual lead can be estimated for each experimental condition
by averaging the visual leads from Table 3, for all but the head
stationary in inertial space case. This correction cannot correct for
cases where the bias was large enough that the in-phase interval was
not perceived as such.

The correction has a very small effect on the overall results and the
results averaged across subjects. Because the bias is as a function of
amplitude, gain, and frequency, the analysis of variancewas repeated
for the corrected data, and the results of the analysis are shown in
Table 5. Comparison of Table 5 with Table 4, shows the corrected
results are very similar to the uncorrected results with the exception
thatmotion gain� frequency is no longermarginally significant. The
effect of amplitude on the corrected phase-error threshold is shown in
Fig. 12. Because the bias correction is larger when the motion gain is
1, the corrected phase-error threshold for this condition is
substantially lower than the uncorrected phase-error threshold. The
corrected phase-error threshold decreases from67 to 41 degwhen the
motion gain is increased from 0.5 to 1.

The corrected three-way interaction is shown in Fig. 13. As seen in
this figure, the interaction once again appears to be due to the 1 Hz,
high visual complexity, and motion gain of 1 case. The corrected
data, however, show an almost complete lack of interaction between
the other factors (the lines which exclude the anomaly are now
parallel), when compared with the uncorrected results in Fig. 7. A
simple effects test was once again carried out to see if the other
factors were significant when the anomaly is excluded from the
analysis.Motion gainwas found to be significant for the frequency of

0.2 Hz (p� 0:009) and for the low visual complexity (p� 0:013).
Similarly, frequency was found to be marginally significant for the
motion gain of 0.5 (p� 0:077) and significant for the low visual
complexity (p� 0:024). The effects of these factors on the corrected
phase-error threshold are shown in Figs. 14 and 15.

Table 5 Corrected phase-error threshold analysis of variance

summary

Treatment p value

Motion gain 0:004
Amplitude 0:0
Frequency 0.138
Visual complexity 0.509
Motion gain � amplitude 0.421
Motion gain � frequency 0.261
Motion gain � visual comp. 0.264
Amplitude � frequency 0.341
Amplitude � visual comp. 0.835
Frequency � visual comp. 0.260
Motion gain � amplitude � frequency 0.400
Motion gain � amplitude � visual comp. 0.987
Motion gain � frequency � visual comp. 0:004
Amplitude � freq. � visual comp. 0.232
Motion gain � amp. � freq. � visual comp. 0.391
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Fig. 12 Amplitude effect on corrected phase-error threshold.
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The mean of the total severity score [20] for the Kennedy SSQs
was 1.91, and the largest recorded valuewas 14 (where themaximum
is 33.66). The mean of the nausea, orientation, and occulomotor
scores [20] were 1.26, 1.08, and 2.29, respectively. These scores
indicate a low level of simulator sickness.

Discussion of Results

Frequency in general did not have a significant effect on the phase-
error threshold except when the data were corrected for
synchronization errors and only the motion gain of 0.5 or the low
visual complexity conditions were considered. For these two
conditions, the phase-error threshold decreased with increasing
frequency. This is the opposite of what is expected if subjects
behaved as time delay detectors; an increase in frequencywould lead
to an increase in the phase-error threshold. For example, in Fig. 15, at
the low visual complexity the phase-error threshold decreases from
61 to 48 deg when the frequency increases from 0.2 to 1 Hz. The
equivalent time delays are 847 ms at 0.2 Hz and 133 ms at 1 Hz. The
delay difference is substantially larger than the phase difference.
Similar results can be obtained for the frequency effect when the
motion gain of the 0.5 case is considered. This suggests that the
subjects behaved more like phase detectors rather than time delay
detectors.

It is difficult to directly compare the results of this study to those of
Chung and Schroeder [8] where a time delay of 85–125 ms was
detectable during a helicopter lateral translation maneuver. First, the
current experiment found the phase-error threshold for pitchwhereas
Chung and Schroeder [8] found it for a combination of roll and lateral
motion. Second, the current experiment has sustained sinusoidal
pitch motion which creates strong vection, which in turn may have
masked the inertial pitch motion (a phenomena observed by Reid
et al. [5]). Third, in the current experiment, the subjects were not
actively involved in the control of a vehicle as theywere in theChung
and Schroeder experiment. Involvement in a control task has been
shown to increase the motion perception threshold of humans [22].
Finally, it is difficult to know which of the 16 conditions should be
compared to the Chung and Schroeder experiment. Chung and
Schroeder used amotion gain of 1 and employed a visual scenewith a
large number of vertical stripes resulting in a relatively high spatial
frequency. The high visual complexity and motion gain of 1 are
therefore the most appropriate levels to consider. It is more difficult
to determine the appropriate frequency and amplitude to use for
comparison. Figure 11 in theChung andSchroeder [8] paper presents
a time history of helicopter roll attitude. The main frequency content
of the roll attitude appears to be approximately 0.2Hzwith a peak roll
attitude of approximately 4 deg (resulting in a peak roll velocity of
5:6 deg =s at 0.2 Hz). The frequency content of the roll velocity is
more difficult to determine because it requires differentiation of the
time history data shown in the figure. Chung and Schroeder [8] did,
however, use a disturbance in the study, which when filtered by the
helicopter dynamics, results in a small roll velocity in the frequency
band from 0.05 to 1.2 Hz. It therefore seems likely that the roll
velocity had some power at both 0.2 and 1.0 Hz. At 0.2 Hz, high
visual complexity, 5:73 deg =s, and a motion gain of 1 the corrected
phase-error threshold was 39 deg in the current experiment. This is
equivalent to 542 ms of time delay, significantly larger than the
detection threshold in the Chung and Schroeder [8] experiment. The
85–125 ms for Chung experiment and 127 ms (46 deg) for the
corrected phase-error threshold for the 1 Hz, motion gain of 1,
2:29 deg =s, low visual complexity case in current experiment are in
reasonably good agreement. The low visual complexity case was
used because the high visual complexity, high motion gain case
appears to be an anomaly.

Consequences for Simulator Motion Tuning

The measured phase-error thresholds were used to analyze the
MDA pitch high-pass filter response to aircraft pitch inputs. The
analysis was carried out using the properties of the UTIAS FRS
hardware. At low frequencies, the FRS pitch motion response can be

modeled as a pure time delay of 73 ms [17]. The visual transport
delay of the FRS is 78 ms. Furthermore, a motion scale factor of 0.5
was considered because this is commonly used on flight simulators.
The phase error between the visual andmotion signals was examined
for two high-pass motion filter configurations: a first-order high-pass
filter with a natural frequency (!n) of 1 rad=s and a second-order
high-pass filter with a natural frequency of 1 rad=s, and a damping
ratio (�) of 0.7. The total motion gain and the phase error between the
motion and visual pitch for these two filters are shown in Fig. 16.
Also shown on the figure are the corrected phase-error thresholds for
a motion gain of 0.5 averaged over the two visual complexities and
the nine subjects. The phase error for the first-order filter is below the
phase-error threshold for both pitch velocities and both frequencies.
For the second-order filters, the phase error intersects the threshold
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for the 5:73 deg =s pitch case at approximately 0.3 Hz. The gain is
approximately 0.5 at this frequency, so for a pitch input of
5:73 deg =s, the probability of phase-error detection would be
approximately 79% (assuming a linear behavior with respect to
frequency). From 0.3 to 0.2 Hz the gain is rolling off very slowly and
the phase is increasing quickly, so below 0.3 Hz the probability of
phase-error detection is likely larger than 79% (for oscillatory inputs
greater than or equal to 5:73 deg =s).

Given the large scatter in the data between subjects, it is more
useful to know the largest phase error that most subjects (rather than
the average subject) cannot reliably detect. Figure 17 shows the
lower one-sided 95% confidence limit for the phase-error thresholds
(averaged over subject and visual complexity for a motion gain of
0.5) at 0.2 and 1 Hz. These confidence intervals were based on the
assumption of aGaussian distribution. Also shown on thefigure are a
first-order high-pass filter with a natural frequency of 0:19 rad=s and
a second-order high-passfilter with a natural frequency of 0:13 rad=s
and a damping ratio of 0.7. These filter parameters were chosen such
that the phase of the filters at 0.2 Hz was just below the one-sided
95% confidence interval for the phase-error threshold. These data
points correspond to 5%of the subject population detecting the phase
error 79% of the time. For 0.2 Hz motions, the pitch high-pass filters
require very low natural frequencies to ensuremost of the subjects do
not detect the motion-visual phase error. If the modes of the aircraft
are at 1 Hz and above, then a similar analysis shows that the first-
order natural frequency and the second-order natural frequency can
be raised to 0.9 and 0:63 rad=s, respectively (for 5%of the subjects to
detect the motion-visual mismatch 79% of the time when the pitch
velocity is less than or equal to 5:73 deg =s).

Conclusions

The human detection threshold for phase error between visual and
motion cues was determined in a flight simulator environment with a
helmet-mounted display for a number of different conditions. In
particular, the motion-visual phase-error threshold was measured for
pitch motions of 0.2 and 1 Hz, with amplitudes of 5.73 and
2:29 deg =s, motion gains of 1.0 and 0.5, and for a complex low-
altitude visual scene and a simple high-altitude scene. The following
conclusions can be drawn from the experiment:

1) The motion-visual phase-error threshold averaged across all
conditions was found to be 57 deg.

2) The amplitude of the motion had a significant effect on the
phase-error threshold with lower amplitudes leading to higher
thresholds. When averaged across all other conditions, the corrected
phase-error threshold was found to be 41 deg at a pitch velocity of
5:73 deg =s and 67 deg at a pitch velocity of 2:29 deg =s.

3)Motion gain was found to have a significant effect on the phase-
error threshold when the frequency was 0.2 Hz or when the visual
complexity was low. Lower gains led to higher thresholds.

4) Frequency was found to have a significant effect on the
corrected phase-error threshold when the visual complexity was low
or the motion gain was 0.5. Lower frequencies led to higher phase-
error thresholds.

5) For the experimental conditions in this study, humans appear to
operate more like motion-visual phase detectors rather than motion-
visual time delay detectors.

The corrected phase-error thresholds were used to analyze high-
pass pitch MDA filters. The analysis showed that break frequencies
as high as 0:19 rad=s could be used for first-order high-pass filters
with a low probability of detecting themotion-visual phase error. For
second-order filters, however, break frequencies lower than
0:13 rad=s are required to ensure the motion-visual phase error has
a low probability of detection for sustained low-frequency vehicle
oscillations.
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