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Objective: To examine the importance of platform
motion to the transfer of performance in motion simu-
lators.

Background: The importance of platform motion
in simulators for pilot training is strongly debated. We
hypothesized that the type of motion (e.g., disturbance)
contributes significantly to performance differences.

Methods: Participants used a joystick to perform a
target tracking task in a pod on top of a MOOG Stew-
art motion platform. Five conditions compared training
without motion, with correlated motion, with distur-
bance motion, with disturbance motion isolated to the
visual display, and with both correlated and disturbance
motion. The test condition involved the full motion
model with both correlated and disturbance motion.
We analyzed speed and accuracy across training and
test as well as strategic differences in joystick control.

Results: Training with disturbance cues produced
critical behavioral differences compared to training
without disturbance; motion itself was less important.

Conclusion: Incorporation of disturbance cues
is a potentially important source of variance between
studies that do or do not show a benefit of motion
platforms in the transfer of performance in simulators.

Application: Potential applications of this research
include the assessment of the importance of motion
platforms in flight simulators, with a focus on the effi-
cacy of incorporating disturbance cues during training.
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INTRODUCTION

The use of flight simulators has become an
increasingly common aspect of pilot training
over the past few decades because trainees can
accumulate experience flying without risk of
human injury and vehicular loss. Self-motion
cues provided by expensive motion platforms
are often key components of these simulated
environments, and simulator designers tend to
focus on realism and technical advances over
examination of which specific factors support
learning (Bowen, Oakley, & Barnett, 20006;
Roessingh, 2005; Salas, Bowers, & Rhodenizer,
1998). However, the advantage (if any) to add-
ing full-body motion to these training sessions is
still unclear (Biirki-Cohen, Sparko, & Bellman,
2011; Caro, 1979; McCauley, 2006; Valverde,
1973). In motion simulators, two types of
motion are presented: motion that is correlated
with pilot maneuvering (correlated motion) and
motion that is related to environmental changes
(disturbance motion due to wind shears, turbu-
lence, or engine failure). Both sources of motion
can provide feedback that is then used to adjust
flight control. Here we are interested in whether
disturbance motion in particular improves per-
formance relative to correlated motion and/or
no motion.

Empirical evidence to support the claim that
motion platform simulators are superior to non-
motion platform simulators is mixed. Some
studies have shown that self-motion is a critical
component during training (Lee & Bussolari,
1989; McDaniel, Scott, & Browning, 1983;
Proctor, Bauer, & Lucario, 2007; Van der Pal,
1999), and Johnston and Catano (2013) found
that performance in a motion simulator pre-
dicted later success in pilot training. However,
other studies have found self-motion to be less
important (Jacobs & Roscoe, 1975; Koonce,
1979; Woodruff, Smith, Fuller, & Weyer, 1976).
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A series of four studies conducted by the Volpe
center under the FAA-sponsored Flight Simula-
tor Human Factors Program found minimal dif-
ferences between performance with and without
motion and no transfer effects (Biirki-Cohen &
Go, 2005; Go, Biirki-Cohen, & Soja, 2000; Go
et al., 2003; Sparko, Biirki-Cohen, & Go, 2010).
This is just a small sample of the vast literature
on flight simulation, but a thorough treatment of
previous results and conclusions can be found in
Biirki-Coken et al. (2011).

A critical issue in evaluating these studies is
that there is considerable variation in how motion
is implemented and what tasks were evaluated.
We believe these differences have significantly
contributed to the current confusion in the litera-
ture. The next logical step is to find and isolate
contextual factors that support transfer of training.
Of course there are many contextual factors to
choose from (e.g., task type, motion type, high vs.
low fidelity, etc.), and we do not propose to address
them all in one paper. Here we will start with an
idea investigated by de Winter, Dodou, and Mul-
der (2012) in a meta-analysis. Across 24 studies,
they found a significant effect in favor of training
with motion, but this benefit was largely contin-
gent on studies that included disturbance motion.
They concluded that the efficacy of training with
motion may depend on the presence of distur-
bance motion during training.

Why might disturbance motion matter? In
general, humans rely more heavily on their
visual system than vestibular system during nav-
igation (Lishman & Lee, 1973); however, the
vestibular system is faster (although not to reach
conscious awareness; Barnett-Cowan & Harris,
2009) and does not require directed attention for
an alerting response. Thus, when the aircraft
is stable, visual input may provide sufficient
sensory feedback to maintain a stable flight path.
In contrast, when there is a disturbance, vestibu-
lar input may be faster at eliciting a corrective
response because directed attention is not
required. During training, this vestibular input
might provide an advantage in learning how to
effectively keep the aircraft on course (Biirki-
Cohen, Soja, & Longridge, 1998; Caro, 1979; de
Winter et al., 2012; Gundry, 1976). There are
two critical questions then: (a) Does the presence
of motion disturbance improve performance over

visual disturbances, and (b) does this result in
better training?

In the present study, we examine the distur-
bance motion hypothesis by training participants
on a compensatory tracking task using a MOOG
Stewart motion platform with novice undergrad-
uates. We chose to use undergraduates following
evidence that the effect of motion input is larger
for novices relative to experienced pilots (de
Winter et al., 2012); therefore, using these par-
ticipants should provide the best chance to find
significant differences. The training conditions
were designed to compare two key factors: train-
ing with or without correlated motion (e.g., a
moving platform vs. a stationary platform) and
training with or without disturbance motion. We
use the term turbulence hereafter to refer to the
presence of wind gusts or other such forces that
affect the system and to distinguish between tur-
bulence and mechanical vibration noise. This
resulted in five distinct training conditions: (1)
no correlated motion and no turbulence, (2) cor-
related motion but no turbulence, (3) correlated
motion and turbulence, (4) no correlated motion
but turbulence motion, and (5) turbulence but no
motion (visual turbulence only). The fourth and
fifth training conditions were included to isolate
the various contributions of disturbance forces.
Condition 4 enables us to determine if turbu-
lence motion alone (without any correlated
motion) influences performance at test. In Con-
dition 5 (visual turbulence only), the motion
platform was stationary, but the progress of the
crosshair was affected by turbulence forces.
From the perspective of the participant, the only
evidence of the turbulence was visual. This
enables us to determine if any turbulence (even
in the absence of motion) influences perfor-
mance at test. This condition is important
because if turbulence motion during training
improves transfer of training effects, we can
then ask whether the motion platform is neces-
sary or whether visual turbulence alone may
provide training benefits.

Following training, participants in all five
conditions were tested on the tracking task under
the full simulation that included both correlated
motion and turbulence motion (i.e., Condition 3
described previously). We predicted that train-
ing with correlated motion would be more
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beneficial than training without correlated motion
only when turbulence cues were present. Our
expectations for the turbulence conditions that
did not also involve correlated motion were less
certain. It is possible that turbulence cues alone
(via the visual and/or vestibular/proprioceptive
senses) during training are enough for partici-
pants to adopt different joystick control strate-
gies than those that train without turbulence
cues.

METHODS
Participants

Seventy-nine students (42 males) from
McMaster University participated as volunteers
or in exchange for course credit. Data from 4
participants were excluded due to hardware
errors; the remaining 75 individuals were dis-
tributed across the five conditions (15 partici-
pants per condition). All participants reported
normal or corrected to normal vision.

Apparatus

The pod is supported by a MOOG platform
with 6 degrees of freedom motion (Moog series
6DOF2000E). All stimuli were controlled by a
program coded in C++ using the Vega Prime
(Presagis) library. The program was synchro-
nized to a 60 Hz signal. Target stimuli were
presented on a 42” (diagonal) LCD panel with
a resolution of 1,920 x 1,080 pixels and refresh
rate of 60 Hz. Participants sat in an automobile
style bucket seat bolted to the floor at center
of mass inside the simulator pod; this posi-
tion maintained an approximate distance of
120 cm between the participants’ eyes and the
LCD display screen. Participant responses were
recorded as continuous data at 60 Hz with a
USB-connected Logitech joystick mounted on
a T-shaped apparatus that allowed the joystick
to rest on the participants’ lap, with the verti-
cal portion of the T-shaped apparatus resting
between participants’ legs, effectively prevent-
ing the joystick from shifting and equating
joystick stability across conditions. Auditory
noise from simulator motors and mechanics was
reduced with earplugs and masked with white
audio noise. The only source of light came from
the LCD display screen, resulting in a dimly

Crosshair Target circle

Figure 1. The visual display consisted of a blue
background with clouds, a crosshair (white cross at
the center of a red square), and a target (blue circle).
(A) At the beginning of each trial, the crosshair was
displayed at the center of the screen while the target
was positioned to the left or right of the crosshair. (B)
The task was to move the crosshair (which remained
fixed to the center of the screen) to the target circle.

lit environment. Two cameras were mounted
inside the pod for monitoring the screen and the
participant.

Stimuli and Procedure

The experimental session was approximately
one hour in duration for each participant. Par-
ticipants were randomly assigned to one of five
training conditions (described in the follow-
ing). Two training blocks (200 trials per block)
were followed by two test blocks (200 trials per
block). Short breaks were provided between
each block. In the figures and analyses, the
blocks are referred to as practice blocks P1 and
P2 and test blocks T1 and T2.

Each trial was 3 seconds in duration and
began with a background of sky and clouds,
superposed by a crosshair and a target (Figure 1,
Panel A). The crosshair was a white fixation
cross inside a red square (5.6 cm X 5.6 cm, sub-
tending a visual angle of 2.67°), fixed at the cen-
ter of the screen for the duration of the trial. The
target location was indicated by a blue circle
(diameter 5.6 cm, visual angle 2.67°) presented
in a random location along the horizontal merid-
ian of the screen between 9.3 cm (4.4°) and 23.2
cm (10.9°) from center of crosshair to center of
target circle. We used a compensatory tracking
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Joystick

Vibration Noise

Turbulence

Switch A: turn turbulence on
Switch B: turn motion on
Switch C: enable correlated motion

| Position |

Model

| Motion
| Platfor

No Turbulence Training Conditions:
v OFF: A, B, C
V-CM ON: B, C; OFF:A

Turbulence Training Conditions:

V-CTM ON:A,B,C

V-TM ON: A, B; OFF:.C
V-TV ON:A; OFF:B,C
Test Condition:

V-CTM ON:A B, C

Figure 2. The input to the motion platform and to the visual display screen is filtered through
the position model (which determines the position of the crosshair relative to the target) and
the force model (which determines how the motion platform moves). Vibration noise (1-5 Hz)
mimics engine and vehicle vibration. Turbulence represents medium to large forces that move
the vehicle off course. Each of switches A, B, and C could be “off” or “on,” resulting in the five

practice conditions.

task in which a joystick was used to move the
vehicle so that the position of the central cross-
hair corresponded with the position of the blue
target circle (Figure 1, Panel B). At the end of
each trial, the display was replaced by a grey
screen for 334 milliseconds. The vehicle posi-
tion parameters were reset to center prior to the
onset of the next trial.

Motion Control

The motion system was a second-order model
with 1 degree of freedom (yaw: left and right lat-
eral movements). The visual and platform motion
stimuli were coordinated by the use of position
and force models that integrated information from
the input sources (joystick control or noise in the
form of vibration and/or turbulence) and trans-
lated this information into a change of position
of the vehicle, which was presented to the subject

via the two output sources: the stimulus display
and the motion platform (see Figure 2). Accel-
eration cues were presented within the physical
limitations of the platform; constant velocity was
simulated with washout motion (i.e., the platform
returned to the neutral position at a rate below
threshold for motion detection).

Joystick movements were translated as con-
trol input to a second-order system, realized as a
second-order low pass filter with a cutoff fre-
quency of .7 Hz and damping of 4. The filter
output, together with added noise, represents the
force, which is integrated and converted to
motion by a high pass filter (washout filter) with
cutoff frequency .4 Hz and a damping of 20 to
compute the position of the motion platform.
The filters are implemented digitally by trans-
forming them from Laplace to the Z domain,
processing 60 Hz sampled data.
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TABLE 1: The Five Training Conditions Summarized with Respect to Type of Motion

Visual Correlated Platform Correlated Visual Turbulence Platform Turbulence

Training Condition Motion Motion Motion Motion
Vv v

V-CM v v

V-TV v v

V-TM v v v
V-CTM v v v v

Note. V = visual tracking task only; V-CM = visual tracking task with correlated motion; V-TV = visual tracking
task with visual turbulence; V-TM = visual tracking task with turbulence motion; V-CTM = visual tracking task with
correlated and turbulence motion (this also defines the condition at test).

Low-frequency turbulence was added to the
force and position models to mimic random
wind forces that move the vehicle slightly off
target. The turbulence took the form of random
left and right lateral forces at 20% of the maxi-
mum force produced by joystick movements,
with a random duration but always lasting less
than 1.5 seconds. The wind bursts were modeled
by a sine wave with a phase of 3 seconds, modu-
lated so that more than one wind burst during a
trial was possible (approximately 2 per trial).

Medium-frequency vibration noise (1-5 Hz),
which did not contribute to the position model,
was added to the force model to mimic engine
and vehicle vibration typically experienced when
operating a motor vehicle. This also helped to
dampen the sound generated by the movement of
the simulator platform. The vibration noise was
present whenever the simulator platform was
active.

Post-experiment debriefing revealed that par-
ticipants were clearly able to detect and differen-
tiate between the different types of motion (i.e.,
correlated, uncorrelated turbulence, uncorrelated
vibration).

Training Conditions

The training conditions differed in terms of
whether platform motion was turned on or off,
which could be done independently for cor-
related and turbulence motion. Table 1 summa-
rizes the type of motion in each condition, and
Figure 2 illustrates control in the motion model
to achieve the following five conditions.

V: visual tracking task only condition. Changes
in the position of the vehicle were represented as

changes in the visual display in response to corre-
lated motion (i.e., left and right movements in
response to joystick movements).

V-CM: visual tracking task with correlated
motion condition. Changes in the position of the
vehicle were represented as changes in the visual
display and movement of the platform in response
to correlated motion.

V-TV: visual tracking task with visual turbu-
lence condition. Changes in the position of the
vehicle were represented as changes in the visual
display only, in response to both correlated and
turbulence motion.

V-TM: visual tracking task with turbulence
motion condition. Changes in the position of the
vehicle were represented as changes in the visual
display in response to both correlated and turbu-
lence motion and movement of the platform in
response to turbulence motion only.

V-CTM: visual tracking task with correlated
and turbulence motion condition. Changes in
the position of the vehicle were represented as
changes in both the visual display and movement
of the platform in response to both correlated and
turbulence motion. This training condition was
also used as the test condition.

RESULTS

Performance was evaluated based on accu-
racy, track time, error integral, and joystick
control (magnitude of movement and control
reversals). Accuracy reflects the proportion of
trials successfully tracked: The center of the
crosshair did not deviate more than 10% from
the center of the target circle for at least 500
milliseconds. Track time was evaluated for



TRAINING TRANSFER AND SELF-MoTION

551

TRIAL1 TRIAL 2 TRIAL 3

tracked

tracked

nat tracked

TRIAL 4 TRIAL S

----- Target Circle
= | Crosshair
-------- Joystick

not tracked

not tracked

0 3 3

3 3 3 Seconds

Figure 3. A depiction of five example trials showing the relative position of the target, the joystick,
and the crosshair. The crosshair is reset to the starting position at the beginning of each trial (depicted
by vertical grey bars). The initial movement of the joystick triggers the movement of the crosshair
toward the target. Trial 1: Not tracked, the crosshair does not reach the position of the target for the
required duration (500 milliseconds). Trials 2 and 3: Tracked, the crosshair successfully reaches
the location of the target for the required duration. Trial 4: Not tracked, the crosshair overshoots
the target. On each trial, the error integral is calculated over the area between crosshair and target
(e.g., shaded area). Trial 5: Not tracked, the initial joystick movement is away from the target; this is
corrected but not in time to successfully track the target.

successfully tracked targets only and reflects
the elapsed time from the start of the trial to the
start of the 500 millisecond time window used
to classify the target as successfully tracked.
To illustrate the relative positions of the target,
crosshair, and joystick over the duration of a
trial, we show five examples in Figure 3. The
crosshair represents changes in the position of
the vehicle in response to joystick movements
and is reset to center position at the beginning
of the next trial. To compute the error integral
on each trial, the distances were normalized (1
unit = distance between the starting position
of the crosshair and the center of the target),
and the error was calculated as area under the
curve that defined the deviation of the center
of the crosshair from the center of the target
position. The integral of joystick movement
was calculated as the area under the curve that
maps the position of the joystick relative to the
neutral joystick position, integrated over the
3-second trial. Joystick directional corrections
or control reversals were a direct count of the

number of times the joystick crossed the central
neutral position of the controller within each
trial, executed (a) to correct a movement in the
wrong direction, (b) as a strategy to slow or stop
vehicle movement, or (c) to return to the target
after overshooting its location.

Each measure (accuracy, tracking time, error
integral, magnitude of joystick movement, and
control reversals) was statistically examined by
performing a mixed-model ANOVA crossing the
five-factor between-subject variable training
condition (V, V-CM, V-CTM, V-TM, V-TV)
with the four-factor within-subject variable
block (P1, P2, T1, T2). Linear trend analyses
were used to examine practice effects within
each of the training conditions. Multiple com-
parisons were subjected to Holm’s sequential
Bonferroni correction to maintain a familywise
alpha of .05 (Holm, 1979). Presentation of the
results is organized according to whether the
training blocks P1 and P2 involved turbulence
motion (V and V-CM) or not (V-CMT, V-TM,
and V-TV).
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Figure 4. Accuracy for each training condition across practice and test blocks. NT = no
turbulence during training; T = turbulence during training; P1 = practice block 1; P2 =
practice block 2; T1 = test block 1; T2 = test block 2; training conditions: V = visual
tracking task only; V-CM = visual tracking task with correlated motion; V-CTM = visual
tracking task with correlated motion and turbulence motion; V-TM = visual tracking task
with turbulence motion; V-TV = visual tracking task with visual turbulence. Test blocks
presented the full motion model (V-CTM). Error bars represent standard error.

Accuracy when we compare the training conditions within

Opverall, accuracy improved across blocks, F(3,
70) = 30.88, p < .01, n,> = .31. Although training
condition was not significant, F(4, 70) =1.63, p =
176, m,* = .179, there was an interaction between
block and training condition, F(12, 70) = 2.50,
p = .04, n,> = .13, which was examined by look-
ing at the linear trends across blocks (Figure 4).

No turbulence conditions. The linear trend
was not significant, V: F(1, 14) = 315, p > .1;
V-CM: F(1, 14) = .054, p > .1. This is explained
by the finding that accuracy decreased from
practice to test, #29) =2.68, p = .01.

Turbulence conditions. The linear trend was
significant across blocks, V-CTM: F(1, 14) =
13.130, p < .01; V-TM: F(1, 14) =24.314,p <
01; V-TV: F(1, 14) =4.95, p < .05, reflecting an
increase in accuracy that was maintained from
practice to test blocks, in contrast to the no tur-
bulence conditions.

Even though this pattern may seem sugges-
tive of a transfer of training effect only when the
training conditions included turbulence motion,

each test block, we find no significant differ-
ences on accuracy between the five training con-
ditions on either block (T1 and T2; all ps > .05).
In other words, participants trained without tur-
bulence motion show a decrease in accuracy
when they encounter turbulence motion at test
(T1 and T2); however, their overall accuracy at
test is just as good as the groups who trained
with turbulence motion. From that perspective,
it makes no difference whether training incorpo-
rates turbulence motion or not. We will revisit
this issue when we look at measures of joystick
control.

Target Track Time

The time required to successfully track the
target decreased across blocks, F(3, 70) = 17.23,
p <.01,n.*=20; this was further supported by
the linear trend for block, F(1, 70) = 26.514,
p <.001. However, there was no effect of train-
ing condition, F(3, 70) = 0.46, p = .76, and no
interaction, F(3, 70) = 0.97, p = .50, suggesting
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Figure 5. Mean target track time for each training condition across practice and test blocks.
NT = no turbulence during training; T = turbulence during training; P1 = practice block 1;
P2 = practice block 2; T1 = test block 1; T2 = test block 2; training conditions: V = visual
tracking task only; V-CM = visual tracking task with correlated motion; V-CTM = visual
tracking task with correlated motion and turbulence motion; V-TM = visual tracking task
with turbulence motion; V-TV = visual tracking task with visual turbulence. Test blocks
presented the full motion model (V-CTM). Error bars represent standard error.

that target track time is not a sensitive measure
for revealing effects of training with or without
motion (Figure 5).

Error Integral

The error integral is affected by target track
time in that the faster the target is tracked, the
smaller the measure of spatial deviation between
the crosshair and the target circle. The error inte-
gral also captures variance related to magnitude of
joystick movements and the extent to which the
crosshair may overshoot the target position (see
illustration in Figure 3). We observed a practice
effect in that the magnitude of the error integral
was reduced across blocks, F(3, 70) = 11.59, p <
.01, np2 = .14; this was supported by a significant
linear trend for blocks, F(1, 70) =22.57, p=.001.
Consistent with target track time, the effect of
training condition, F(4, 70) = 0.69, p = .60, and
the interaction between block and training con-
dition, F(12, 70) = 1.50, p = .14, did not reach
significance, providing further evidence that these
particular measures are not sensitive to training
with or without motion (Figure 6).

Joystick Control (Extent of Movement)

The extent of joystick movements is mea-
sured as deviation of the joystick from center
neutral position, integrated over the 3-second
trial. This provides a performance measure
that may index differences in strategy, as some
conditions may encourage larger movements
(Figure 7). Differences in the extent of joystick
movements were supported by a significant
interaction between block and training condi-
tion, F(12, 70) = 23.90, p < .001, np2 = .60,
which is important in interpreting the main
effects across blocks, F(3, 70) =75.70, p <.001,
npz = .52, and training conditions, F(4, 70) =
15.44, p <.001, ‘1;,2 =.50.

No turbulence conditions. There was a sig-
nificant linear trend across blocks, V: F(1, 14) =
193.4 p <.01; V-CM: F(1, 14) =360.7, p < .01,
driven primarily by the contrast between prac-
tice blocks and test blocks. Participants who
trained without turbulence appeared to employ
qualitatively different strategies from practice to
test in which they learned to reduce the extent of
joystick movements during the training blocks,



554

June 2016 - Human Factors

0.38

0.37

0.36

0.35

e
w
F-Y

Error Integral

o
w
w

0.32

0.3

P1 P2

—_——\

== V-CM

=a=\-CTM

T1 T2

—=VTM e VTV

Figure 6. Error integral is calculated as area under the curve that defines the deviation of
the center of the crosshair from the center of the target position, as illustrated in Figure 3.
P1 = practice block 1; P2 = practice block 2; T1 = test block 1; T2 = test block 2; training
conditions: V = visual tracking task only; V-CM = visual tracking task with correlated
motion; V-CTM = visual tracking task with correlated motion and turbulence motion;
V-TM = visual tracking task with turbulence motion; V-TV = visual tracking task with
visual turbulence. Test blocks presented the full motion model (V-CTM). Error bars

represent standard error.

then expanded the extent of their movements
during test when turbulence motion was intro-
duced. Moreover, training without turbulence
motion appeared to have a long-term effect on
joystick movements such that even the extra
practice during the two test blocks with turbu-
lence was not enough to increase the extent of
joystick movements to the level of the groups
who trained with turbulence motion. To test this,
we compared the turbulence groups to the no
turbulence groups at test; participants in the no
turbulence groups made smaller joystick move-
ments during the test blocks compared to the
groups who trained with turbulence motion,
#(73)=-2.75, p = .008.

Turbulence conditions. Participants who trained
with turbulence motion learned to use larger
movements during training, and this strategy
did not change with practice or between

practice and test. No linear trend across the
four blocks is consistent with no reduction (or
increase) in the extent of joystick movements
(all ps > .1).

Joystick Control (Control Reversals)

The number of times the joystick crossed the
central neutral position of the controller within
each trial is a measure of strategic joystick con-
trol; these movements are executed to correct
direction, slow or stop the vehicle, or compen-
sate for overshooting the target position. The
first movement at the beginning of the trial was
not included in the count. Overall, the number
of control reversals increased across blocks,
F(3, 70) = 86.54, p < .001, npz = .55. Training
condition and the interaction were also signifi-
cant, F(4, 70) = 40.48, p < .001, np2 =.70; F(12,
70) =46.06, p < .001, np2 =.73.
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Figure 7. Average amount of joystick movements made (as measured by the joystick
movement index) as a function of training condition across practice and test blocks.
P1 = practice block 1; P2 = practice block 2; T1 = test block 1; T2 = test block 2; training
conditions: V = visual tracking task only; V-CM = visual tracking task with correlated
motion; V-CTM = visual tracking task with correlated motion and turbulence motion;
V-TM = visual tracking task with turbulence motion; V-TV = visual tracking task with
visual turbulence. Test blocks presented the full motion model (V-CTM). Error bars

represent standard error.

No turbulence conditions. A significant lin-
ear trend across blocks, V: F(1, 14) = 181.8, p <
.001; V-CM: F(1, 14) = 77.3, p < .001, was
driven by a large increase in the number of con-
trol reversals between practice and test blocks
(Figure 8). At test, both of the no turbulence
training groups increased control reversals to
compensate for the introduction of turbulence
motion; however, pairwise comparisons revealed
that this did not reach the level of groups who
trained with turbulence motion. In particular,
there were fewer control reversals for the no tur-
bulence conditions compared to the turbulence
conditions, #(73) =—2.70, p = .009.

Turbulence conditions. Training with turbu-
lence produced linear trends in the opposite
direction to training without turbulence, sug-
gesting that practice leads to fewer control
reversals, V-CTM: F(1, 14) = 531, p < .05;
V-TM: F(1, 14) = 8.26, p < .05. Notably, the

V-TV condition did not reach significance,
V-TV: F(1, 14) = 2.79, p > .1, suggesting that
turbulence in the motion platform itself (com-
pared to turbulence in the visual display only)
may be important to look at more closely in
future studies.

DISCUSSION

There is considerable debate over whether
or not it is beneficial to train with platform
motion within simulators (Biirki-Cohen et al.,
2000; Biirki-Cohen, Go, & Longbridge, 2001;
Jacobs & Roscoe, 1975; Koonce, 1979; Lee &
Bussolari, 1989; McDaniel et al., 1983; Van der
Pal, 1999; Woodruff et al., 1976). We explored
a potential variable contributing to this contro-
versy by using a quasi-transfer experiment in
which we hypothesized that disturbance motion
(e.g., turbulence) is an important component
contributing to the effects of training with
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Figure 8. Average number of control reversals as a function of training condition across
practice and test blocks. P1 = practice block 1; P2 = practice block 2; T1 = test block 1;
T2 = test block 2; training conditions: V = visual tracking task only; V-CM = visual
tracking task with correlated motion; V-CTM = visual tracking task with correlated
motion and turbulence motion; V-TM = visual tracking task with turbulence motion;
V-TV = visual tracking task with visual turbulence. Test blocks presented the full motion
model (V-CTM). Error bars represent standard error.

self-motion in a target tacking task (Caro, 1979;
de Winter et al., 2012). Participants performed a
compensatory tracking task within a simulated
environment and were trained in one of five
conditions. Two conditions involved training
without turbulence motion, and three conditions
involved training with turbulence motion. All
participants were then tested on the target track-
ing task with the full motion model including
correlated motion and turbulence motion.

Our results indicated that accuracy dropped at
test for the non-turbulence training groups but did
not drop at test for the turbulence groups. How-
ever, this observation was complicated by the fact
that at test, none of the groups differed in accuracy
performance. There are two potential interpreta-
tions here. One interpretation is that the turbulence
groups displayed more transfer of training because
they were able to maintain accuracy from training
to test without a drop in performance. Another
interpretation is that the non-turbulence groups

were showing higher accuracy than the turbulence
training groups during practice because that ver-
sion of the task is easier and the addition of turbu-
lence brought them down to the same level as the
other groups at test. According to the accuracy
observations then, no strong conclusions can be
made, and it may not matter whether training
involves turbulence motion or not. However, we
also found that those who trained without turbu-
lence motion made considerably fewer joystick
movements and control reversals than those who
trained with turbulence, especially during training.
At test, the no turbulence groups increased the
extent of their joystick movements and control
reversals, but this did not quite reach the level of
those that trained with turbulence. Thus, training
with turbulence motion led to qualitatively differ-
ent joystick control strategies, which persisted
from training into test. Given that this did not
seem to affect accuracy, it is unclear if this strategy
provides a benefit or not. Indeed, one might
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conclude that because accuracy is not affected,
this is not particularly important. However, in
flight control, how you maneuver the aircraft is
critical (Lone & Cooke, 2013), and the control
behavior of the pilot is a skill-based behavior
(Hosman & Stassen, 1999). For example, joystick
control strategies may result in better compensa-
tion for large, unexpected vehicle movements that
were not tested here. Alternatively, if you imagine
a continuous flight task, an increase in joystick
movements might be less efficient and result in a
“bumpier” flight. While it is not immediately clear
if the strategy employed by people trained in the
turbulence conditions is more beneficial (further
tasks will be needed to explore this issue), it is
clear that this impacts how they are moving the
vehicle, which is critical to flight (Hosman & Stas-
sen, 1999; Lone & Cooke, 2013).

It is not yet clear what mechanism partici-
pants use to compensate for turbulence; they
may learn to ignore turbulence, or they may
learn to actively compensate for motion turbu-
lence. Ignoring turbulence motion may involve a
more relaxed approach to joystick control, using
a less tight grip and providing more slack. A
more active approach to compensation may
impose more control over the joystick by attend-
ing to turbulence and retroactively compensat-
ing for them in order to stay on track. Another
possibility is that the turbulence groups are pro-
vided with more opportunity to manipulate and
understand the behavior of the control system
and as such, more opportunity to understand the
dynamics of the system for continuous manual
control. Future studies will examine these pos-
sibilities by examining more closely the dynam-
ics of control and compensation.

Types of Turbulence

We used three different turbulence condi-
tions. The first, correlated motion with turbu-
lence motion, is the condition that we used at
test. One might expect that this condition would
show the greatest benefit of practice as subjects
are performing the same task across four blocks
(i.e., this is a pure practice condition). However,
this was not observed. The other two turbulence
motion training conditions (V-TM and V-TV)
both produced comparable performance across
all measures.

Most interesting to us was the effectiveness
of the isolated visual turbulence. This finding is
particularly important because this training con-
dition does not require a motion platform. This
condition has never been examined in isolation
before. If visual turbulence is enough to elicit
changes that are similar to the other turbulence
conditions in the test phase of our task, then it is
possible that this condition can be used for train-
ing, reducing the amount of time needed in the
full motion simulator. We recognize that it is
unlikely pilots will move away from using
motion simulators entirely: They are generally
preferred by pilots (Biirki-Cohen et al., 2001)
and may have advantages outside of what is
tested here (e.g., reduced motion sickness, better
transfer for more complex tasks). However, just
reducing the amount of time required in a motion
simulator (replacing it with a stationary simula-
tor) would provide a considerable cost advan-
tage in training pilots (Nieuwenhuizen, Mulder,
van Paassen, & Biilthoff, 2013).

Limitations and Future Directions

In the present experiment, we used a tracking
task in which each trial lasted 3 seconds, and
the motion platform only moved laterally; thus,
it is possible that the transfer effects observed
here do not extend to simulations in which
a three-dimensional continuous flight task is
used. We opted to first use the two-dimensional
tracking task specifically because of its relative
simplicity. This allows us to more easily isolate
the independent contributions of visual and
motion cues to performance; complex environ-
ments are confounded by both perceptual and
cognitive load factors that might interact with
our variables of interest. However, work is cur-
rently underway to see if similar findings can be
obtained using a three-dimensional environment
in which participants are subjected to a continu-
ous flight path. Preliminary results are similar to
what we report here, indicating that this pattern
holds across at least two tasks.

Another limitation of the present study is that
we did not include any measures of motion sick-
ness or sopite syndrome, and it is possible that
these factors influenced performance between
groups. Sopite syndrome is a neurological disor-
der that is characterized by drowsiness after one
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experiences prolonged periods of motion (Gray-
biel & Knepton, 1976; Lawson & Mead, 1998).
Participants in our study were randomly assigned
to groups, and no participants produced self-
reports of motion sickness; future studies should
ensure that these factors do not influence critical
performance differences. It is also possible that
the different conditions lead to different levels of
fatigue by the end of the task. For example, it
could be that the inclusion of turbulence leads to
more physical or visual fatigue. Given that we
do not find differences in accuracy or reaction
time between groups in the final block of trials,
this seems unlikely; however, in the future,
directly testing fatigue would be useful.

A final limitation is that here we chose to use
novice undergraduate subjects rather than skilled
pilots. This was done in part for practical rea-
sons and in part because we are interested in
how these factors affect novices. Experienced
pilots are likely to perform at ceiling on the sim-
plified task used here and so would not show
much improvement regardless of training condi-
tion. The purpose of the present experiment was
to demonstrate if motion and/or turbulence can
affect training in novices; future research is
needed to extend findings to pilots.

CONCLUSION

The current study focused on how differ-
ent types of motion presented during training
(no motion, correlated motion, and turbulence
motion) affect later performance when both
correlated and turbulence motion were present.
We found that training with turbulence motion
influences transfer of training to test conditions
relative to training without turbulence, specifi-
cally in the strategies used for joystick control.
Interestingly, a visual representation of turbu-
lence that does not use the motion platform may
function as effectively as turbulence applied to
the entire motion platform with respect to trans-
fer of training effects. This research goes some
way to resolving the confusion in the literature
regarding the benefit of motion during transfer
of training studies (i.e., that the presence of tur-
bulence can be beneficial), but it is by no means
the final word. This represents a first step in the
systematic investigation of contextual factors
that support learning in a simulated environment.
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KEY POINTS

e Motion platforms used during pilot simulator
training are extremely costly, yet their practical
usefulness is controversial.

e We examined the possibility that the type of
motion cues implemented during training contrib-
utes to this controversy.

e Results revealed that turbulence cues but not nec-
essarily platform motion contributed significantly
to the transfer of performance on a tracking task.
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