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ABSTRACT

Objective: The aim of this study was to test if performance of airline
pilots, in performing an aerodynamic stall recovery procedure, decreases
when they are surprised, compared to when they anticipate a stall event.

Background: New flight-safety regulations for commercial aviation recom-
mend the introduction of surprise and startle in upset prevention and recovery
training. This calls for more evidence on the effects of surprise on pilot perfor-
mance, as well as methods to effectively induce surprise in training simulators.

Method: The study took place in a motion-base simulator with a post-
stall aerodynamic model. Using a within-subjects design, the recovery
performance of 20 pilots was tested in 2 conditions: 1 anticipated condition,
and 1 surprise condition. In addition to flight parameters, subjective and
physiological data relating to surprise and startle were measured.

Results: Pilots had significantly more difficulties with adhering to the
recovery procedure in the surprise condition compared to the anticipation
condition. The subjective and physiological measures confirmed that the
manipulation mainly increased surprise, and to a lesser extent also startle.

Conclusion: The results suggest that pilots have more difficulty in
managing an upset situation (i.e., an aerodynamic stall) when this situation
is presented unexpectedly, underlining that upset prevention and recovery
training should include elements of surprise.

Loss of control in flight currently makes up the largest category of fatal aviation accidents (Boeing,
2016). Several of these events have been associated with inappropriate responses of the flight crew
(Belcastro & Foster, 2010), and it is commonly suspected that surprise and startle contribute to such
inappropriate responses (see, e.g., Colgan Air flight 3407; National Transportation Safety Board,
2010). For this reason, aviation authorities recommend the introduction of surprise and startle in
upset prevention and recovery training (European Aviation Safety Agency [EASA], 2015; Federal
Aviation Administration [FAA], 2015).

The difference between surprise and startle is that the former relates specifically to a cognitive
mismatch between new information and expectations, whereas the latter is a more physiological
reaction to a highly salient stimulus (e.g., sudden, intense, or threatening; Rivera, Talone, Boesser,
Jentsch, & Yeh, 2014). Surprise might thus occur in the absence of a startle, for instance when an
event occurs slowly and is not immediately threatening. Similarly, a startle could occur in the
absence of surprise, for instance when a stimulus is loud and scary but not unexpected. Surprise
such as automation surprises seem to occur quite frequently in today’s operational practice, although
it remains inconsequential in most cases (de Boer & Hurts, 2017; Kochan, Breiter, & Jentsch, 2004).
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One explanation for the occurrences of surprise is the increasing complexity of automated systems,
including different flight modes, which might make the flying process less transparent to the pilot,
and potentially lead to unexpected situations (Sarter, Woods, & Billings, 1997).

As outlined in our conceptual model (Landman, Groen, van Paassen, Bronkhorst, &Mulder, 2016),
startle and surprise can both impair pilot performance, but in different ways. The negative conse-
quences of startle involve an acute increase in stress (Martin, Murray, Bates, & Lee, 2015, 2016), which
could negatively affect cognitive functioning as well as perceptual-motor control (Eysenck, Derakshan,
Santos, & Calvo, 2007). The negative consequences of surprise include the need for mentally taxing
efforts, or “sensemaking activities,” to solve the existing cognitive mismatch (Klein, Phillips, Rall, &
Peluso, 2007) before one can take appropriate actions. Current cognitive models propose that inter-
related knowledge and procedures are grouped in cognitive structures such as “schemata” or “frames”
(e.g., Klein et al., 2007). Information is processed within the context of the currently active frame. If a
mismatch arises between perceived information and the active frame, a frame switch might be required
(i.e., “reframing,” see also Rankin, Woltjer, & Field, 2016). Reframing is relatively effortful, potentially
requiring reasoning and knowledge-based behavior, meaning that it is vulnerable to negative aspects of
stress (Eysenck et al., 2007). Difficulties with reframing might express themselves as confusion, loss of
“grip” on the situation, or the adoption of a new, inappropriate frame.

Some recent experimental studies addressed the effects of startle or surprise on pilot performance.
The results show that pilots have substantial difficulties with applying learned procedures when they
are surprised (Casner, Geven, & Williams, 2013; Schroeder, Bürki-Cohen, Shikany, Gingras, &
Desrochers, 2014), or when they must recover from an aerodynamic stall without a prior refresher
of recovery procedures (Ledegang & Groen, 2015). It was also shown that the time to respond to an
event increases when this event comes unexpectedly (Casner et al., 2013) or when it is accompanied
by a startling stimulus (Martin et al., 2016).

Although these studies suggest that it is useful to familiarize pilots with unusual flight situations
(e.g., upsets, aerodynamic stalls), or to practice situations with elements of surprise or startle, the
design of the studies was not optimized to conclusively show the effects of surprise. For example, the
studies of Ledegang and Groen (2015) andMartin et al. (2016) did not require a reaction to a surprising
event, and the study of Martin et al. (2016) was focused on startle instead of on surprise.
Schroeder et al. (2014) did not include a control condition to determine if the observed performance
decrements were attributable to surprise. Casner et al. (2013) did not report a manipulation check.
The current study was aimed at complementing these previous studies by specifically manipulating
surprise, while including a control condition and a manipulation check. As a novel approach, we
included not only self-report measures but also physiological measures to check the surprise manip-
ulation. The results of this study were intended to provide an indication of the effects of surprise on
pilot performance in a simulated upset event, which should be of interest to those who seek to simulate
such events for training or research purposes.

We expected that by creating a mismatch between pilots’ expectations and the upset event,
adherence to a learned recovery procedure would be lower, as the retrieval of the procedure when
pilots are not in the correct frame. On the other hand, when an upset event is anticipated, sensemaking
might occur beforehand, eliminating the need to reframe at the moment when the upset occurs.

Method

Participants

Twenty male airline pilots participated in the study (M age = 36.3 years, SD = 7.88; M flying
experience = 12.4 years, SD = 5.05; M flying hours = 6,986, SD = 3,804). Experience in operating
medium-size twin-engine jet aircraft types was required. Eight pilots mainly had experience with the
A330, five with the B737, six with the E190, and one with the A320. All pilots were employed at the
time of the experiment, and they had been on duty at least once in the week prior to the experiment.
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Five were currently employed as captains, eleven as first officers, and three as second officers. To
limit interindividual differences in experience, criteria for exclusion from participation were expect-
ing jet lag at the time of the experiment; having experience in similar experiments; being a simulator
training instructor; and having experience with flying in the air force, with aerobatics, or with glider
flying. The trait anxiety scores (M = 29.0, SD = 6.23) of the participating pilots, measured beforehand
with the State–Trait Anxiety Inventory (Spielberger, Gorsuch, & Lushene, 1970), were significantly
lower than the norm (i.e., 36.7), t = −5.57, p < .01, indicating that they were not extraordinarily
sensitive to threat. The pilots provided written informed consent prior to participation and the ethics
committee of the TNO Soesterberg research institute approved the experiment.

Apparatus

The experiment was performed in the Desdemona flight simulator (AMST Systemtechnik; see Ledegang
& Groen, 2015), located at TNO Soesterberg. Desdemona features a gimbaled system that allows for
continuous rotations around three axes. This system can be moved within a stroke of 2 m vertically on a
heave axis and 8 m laterally on a horizontal track. The centrifuge capability of the simulator was not used
to generate g-forces. The cockpit mockup was styled after the Boeing 737NG, and included the left-side
seat, primary flight display (without pitch limit indicator), navigation display, engine-indicating and
crew-alerting system, and a partial mode control with autopilot mode controls. There was no overhead
panel or flight management system. Controls consisted of a yoke (pitch and roll), rudder pedals with
rudder limiter, throttles and a stabilizer with electric trim (tabs), and silent trim wheels. The yoke had
control loading on pitch only. Flaps and speed brakes were not used.

The aerodynamicmodel used in the experiment featured an extended aerodynamic envelope ofmedium-
sized modern transport category aircraft (e.g., Boeing 737NG, Airbus A321, Tu-204) into high angles of
attack (Groen et al., 2012). The model includes aerodynamic phenomena like buffeting, longitudinal and
lateral instabilities, dynamic hysteresis, and degradation of control response (Goman & Khrabrov, 1994).

Tasks and Conditions

Before the experiment, pilots were informed that the simulator session would include two subsequent
sections of approximately 20 to 30min. They were told that they would perform recoveries from upsets and
stalls to validate the simulator’s aerodynamicmodel in the first section, and that theywould judge the fidelity
of several simulated spatial disorientation illusions in the second section of the experiment. In reality, the
first section was used for familiarization with the aerodynamic model and refreshing the recovery proce-
dure, while the second section would not take place as described. It was made up to manipulate the pilots’
expectation before test conditions. Figure 1 shows an overview of the experimental design.

First, a briefing on aerodynamics and recovery techniques was given in a 20-min session to
groups of two pilots. They were asked to respond accurately to any simulated situation as if it was

Figure 1. The experimental design.
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real, unless they were explicitly instructed to do otherwise. They were informed that sometimes they
would be asked to fly manually straight and level for a few minutes with the purpose of obtaining a
baseline measure of the physiological parameters. During the briefing, pilots received verbal instruc-
tions about the simulated aircraft model and the stall recovery template as advised by the FAA (2015,
p. 2), which involves the following steps:

1. Disconnect the autopilot and autothrottle/autothrust systems.
2a. Apply nose-down pitch control until impending stall indications are eliminated.
2b. Use nose-down pitch trim as needed.
3. Roll wings level.
4. Apply thrust as needed.
5. Retract speed brakes or spoilers.
6. Return the aircraft to the desired flight path.

Then, one pilot was outfitted with the physiological measuring equipment and seated in the simulator,
while the other pilot waited in a different room. The simulator practice session consisted of a few minutes’
familiarization with the aircraft model (by performing basic flight maneuvers), followed by practicing
recoveries from eight different upsets, in a set order, taken from the Airplane Upset Recovery Training Aid
(Upset Recovery Industry Team, 2008). This practice sessionwas aimed at providing a basic familiarity with
the aircraft model outside the normal flight envelope, and to prevent potential excesses in stall-recovery
behavior. The first four upsets involved unusual attitudes, starting with the aircraft in the following states:

(1) 35° pitch down at 5,000 ft.
(2) 22° pitch up at 5,000 ft.
(3) 35° pitch down at 37,000 ft.
(4) 120° overbank at 10,000 ft.

Next, four recoveries from aerodynamic stalls were conducted:

(5) A level flight stall at 20,000 ft.
(6) A 15° to 20° pitch-up stall at 38,000 ft (the pilots experimented with aileron inputs during the

stall until the wing dropped and they recovered).
(7) A 15° to 20° pitch-up stall at 20,000 ft.
(8) A 20° pitch-down stall at 7,000 ft and at low speed.

Scenario 8 was repeated until the pilot was able to push down quickly and forcefully enough to avoid
stick-shaker events, while avoiding overspeed or excessive g-load. It took pilots on average two to
three times to succeed, and the maximum number of required attempts was five times. Pilots
received feedback on their performance from the instructor. The angle of attack (AoA) was displayed
during all scenarios except the last. Following Exercises 5 and 7, pilots were asked to fly manually
straight and level for 2 min to habituate them to this task.

Unbeknownst to the pilots, the practice session transitioned into two test conditions in which the
same aerodynamic stall scenario (see Figure 2) was presented, once in a surprise condition and once
in an anticipation condition. The latter served as a control condition. The order of the two test
conditions was counterbalanced between subjects. The two resulting groups (with order: anticipa-
tion–surprise and order: surprise–anticipation, see Figure 1) were added together for analysis.1

In the anticipation condition, the pilots were told that, when they crossed a landmark2 after 3 min,
an external factor would bring them into a stall. They were instructed to recover from this stall as safely

1t tests and generalized estimating equations (GEE; see the “Statistical Analysis” subsection) showed that there were no significant
differences between the two groups.

2The landmark was an airfield in the surprise condition and a river in the anticipated condition.
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as possible. The scenario occurred in accordance with the instructions. The stall was induced by
creating a strong tailwind (decreasing the calibrated airspeed [CAS] by 75 kt in 5 s), and by
simultaneously adjusting the pitch trim to 48% of the maximum pitch up input in 3 s time. In a
post-hoc questionnaire all pilots reported that they had not been aware of any pitch trim adjustment.
The simulator aerodynamic model was set to induce a slightly asymmetric stall, so that one wing would
stall more quickly than the other, which results in a “wing drop” when the stall is not arrested.

In the surprise condition, exactly the same stall event was induced about 5 s before the landmark
was reached. In this case, however, several measures were taken to mislead the pilots and to activate
a cognitive frame that would mismatch with the stall situation. First, pilots were made to believe that
the experiment would include a section about spatial disorientation. To make this more convincing,
the general questionnaire that was taken before the experiment included several questions on the
pilots’ experience with spatial disorientation. Also, pilots were told that the Desdemona simulator is
particularly suitable for the reproduction of spatial disorientation illusions. Hence, in the surprise
condition, the pilots were asked to do a climb-out above the landmark, and to pay special attention
to pitch sensation as part of a potential somatogravic illusion. Finally, to further increase the
mismatch between the stall event and the pilot’s active frame, their attention was taken away from
the displays at the initiation of the stall. This was done by asking them to give a rating on a sickness
scale that was displayed in the lower right of the cockpit, next to the throttle levers.

Performance Variables

During the experiment, flight parameters were logged from the simulator at a sample rate of 100 Hz.
These flight parameters were twice (forth and back) low-pass filtered using a second-order
Butterworth filter with a cutoff frequency of 2 Hz. To extract the relevant data, the times of several
events during the recovery were determined. First, tailwind onset was defined as the start of the
externally induced decrease in CAS (and adjusting of the pitch trim). Second, to discern a pitch-
down control response to the stall from normal fluctuations, the first moment after tailwind onset at
which the cumulative sum of the pitch control signal moved beyond 5 SDs of its mean was
determined (see, e.g., Mulder, Pleijsant, van der Vaart, & van Wieringen, 2000). The mean and
standard deviation were obtained from 2 min of straight-and-level flight before tailwind onset.
Because the standard deviations of rudder and aileron inputs before tailwind onset were sometimes
zero due to the absence of turbulence, any change in rudder or aileron deflection was counted as a
significant control response. Third, moments of interrupting or ending pitch-down control inputs
were defined as moments at which the signal moved back to within 5 SDs from the mean. Finally,
the end of the recovery was defined as the moment at which the descent stopped. The data were

Figure 2. The stall recovery test scenario and the measured recovery actions.
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visually inspected to check whether each of these moments was detected correctly. The start of the
significant pitch-down control input was manually reset for one pilot who gave a small (10% of
maximum control deflection) pitch-down input that lasted approximately 1 s before truly starting
pitching down (see Figure 3).

As the recovery from upsets can be highly dynamic and complex, it is difficult to determine a
single or objective performance criterion. In line with the FAA’s (2015, p. 16) recommendations,
performance was evaluated by checking four criteria that were derived from the template’s princi-
ples. These criteria were created in such a way that they could be measured unambiguously in the
data. Consequently, our criteria might diverge from those used for proficient recovery training.
Table 1 shows the four criteria that were checked using the simulator data and the corresponding
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Figure 3. Time history of the control inputs of Participant 8 (top plot) and the aircraft’s state (bottom plot) in the surprise condition.

Table 1. Description of the four measured performance criteria, with the corresponding Federal Aviation Administration (2015,
p. 2) recovery template principles.

Criterion
Corresponding
FAA Principle(s) Requirements to Meet Criterion

C1. Disengage autothrottle
first

1 Disengage the autothrottle at least 2.0 s before significant yoke or pedal
inputs.

C2. Start with pitch-down
control

2a, 3 Give priority to pitch-down control by starting the recovery with pitch-down
control inputs. Strong aileron or rudder inputs (> 50% of max) should not
occur at around the same moment (within 2.0 s) of starting pitch-down
control to meet this criterion.

C3. Sufficient adjustment
of loading

2a, 6 Respond (within 2.0 s) to stick-shaker events with significant pitch-down
control and maintain significant pitch-down control during stick-shaker
activation. Or, apply sufficient pitch-down control to avoid any stick-shaker
events. Timing and strength of unloading and reloading should be so that
secondary or late stick-shaker events are avoided. Stick-shaker events were
defined as secondary if they occurred subsequent to an earlier stick-shaker
event, or late if they occurred after the first unloading action; that is,
following the first peak of pitch-down control.

C4. Apply pitch-down trim 2b Using the pitch trim to aid in pitch-down control during the recovery.
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steps from the FAA template described in the “Tasks and Conditions” subsection. The scoring on
these performance criteria (met or unmet) was determined from the simulator data using a
MATLAB script.

In addition to these binary variables, a number of flight parameters were collected to obtain a
general impression of the stall event and the pilots’ performance profiles: response time (from
tailwind onset to the first significant control input, including autothrottle disengagement, pitch, bank
and rudder control), recovery duration (from the first significant control input to the end of the
descent), maximum and minimum CAS, maximal rate of descent, maximal vertical g-load (Nz),
duration of secondary stick-shaker events (see C3) and total altitude loss. It should be noted that
these parameters are not necessarily indicative of the quality of the pilots’ performance and that the
outcomes are likely to be influenced by the distraction manipulation.

Manipulation Check and Subjective Variables

As a measure of acute stress during the test scenarios, ratings of perceived anxiety were collected on
an 11-point Likert-type version of the Anxiety Scale (Houtman & Bakker, 1989). The surprise
manipulation was first checked by asking the pilots whether they had expected an upset at the
landmark (yes–no). To obtain measures of the level of perceived surprise, startle, and confusion,
similar 11-point Likert-type scales as the Anxiety Scale were created. For surprise and startle, the
following questions were used, respectively: “Were you surprised by the upset?” and “Were you
startled by the upset?”3 These could be rated from not at all (0) to very much (10). Confusion was
assessed by an inversely scored item: “Did you immediately know how to respond when the upset
occurred?” Overall workload during the recovery was rated on an Overall Workload Scale, ranging
from 1 to 20 (see also Anthony & Biers, 1997).

To avoid suspicion during the experiment, subjective data were collected after the two conditions
had ended. The pilots completed the questionnaires for each condition in the order in which the
conditions were presented to them and did not visually compare ratings between the conditions.

Physiological Measurements

The physiological measurements were performed using Shimmer3 sensor units (Shimmer, Dublin,
Ireland). Electrocardiography (ECG) was measured at 128 Hz with five electrodes placed on the pilot’s
chest, which were connected to a portable data collector. Heartbeat (RR) interval durations were deter-
mined from the ECG signal using a script (Sedghamiz, 2014) implementing the algorithm of Pan and
Tompkins (1985). Artifacts in the RR intervals were removed with linear interpolation. From the resulting
data, mean heart rate (HR) was obtained. The increase in mean HR (Δ mean HR) during the pilot’s
response was determined by taking the mean HR over the 10 s following the pilot’s first significant control
input, and subtracting a baseline mean HR measured between 130 s to 10 s prior to tailwind onset.

Galvanic skin response (GSR) data were obtained at 8 Hz using two electrodes, placed approxi-
mately 4 cm apart on the ventral side of the pilot’s left underarm, and using a portable data collector
placed on a strap around the pilot’s left wrist. The data were twice band-pass filtered (forth and
back) using a second-order Butterworth filter with a bandwidth of .01 to 2 Hz to eliminate drift and
movement artifacts. The phasic change in the signal was obtained by measuring the peak skin
conductance in the 10 s following tailwind onset, and subtracting the mean of the 10 s before
tailwind onset (Boucsein, 2012).

Because HR and skin conductance are indicative of both stress and mental workload, the
outcomes were expected to be higher in the surprise condition compared to the anticipation
condition.

3The difference between surprise and startle is unambiguous in the language in which the questions were administered (Dutch).
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Statistical Analysis

Outliers, defined as values falling outside three times the interquartile range, were a priori excluded from
statistical analyses (non-binary measures only). This led to the removal of one outlier with regard to the
duration of secondary stick-shaker events. The effect of condition (anticipation or surprise) on the binary
performance variables (i.e., meeting the criteria) was tested using GEE models of logistic regression. The
effect of condition on the general flight parameters and on the pilots’ subjective and physiological (state)
measures was tested with paired-samples t tests. The significance level of all analyses was set at
alpha = .050. To limit potential Type I errors, the outcomes of the template adherence variables and
the pilot state measures were checked separately using Holm’s sequential Bonferroni (Holm, 1979).
Because the general flight parameters were not measured to test a hypothesis, these were not corrected in
this way. Effect sizes of Cohen’s d = .2, .5, or .8 were considered small, medium, and large, respectively
(Cohen, 1992). Effect sizes of GEE analyses were calculated by transforming B (cf. Chinn, 2000).

Results

Performance Examples

Figure 3 shows the control inputs of Participant 8 and the aircraft’s state in the surprise condition. This
pilotmet all criteria in the anticipation condition, but failed tomeet two criteria in the surprise condition.
Tailwind onset occurred at t = 0. The pilot’s first response was a maximal pitch-down control input and
autothrottle disengagement at around t = 6 s. The bottom plot shows that a bank angle developed during
the stall, to which the pilot immediately responded by giving maximum aileron control inputs in the
opposite direction (both displayed as positive in accordance with conventions). Because pitch-down
control and strong aileron inputs occurred at the same time, the pilot did not meet criterion C2 of
pitching down first. The pilot also responded late (> 2 s) to the stick-shaker, meaning that criterion C3 of
sufficient adjustment of loading was not met. As can be seen in the top plot of Figure 3, the pilot met the
criteria of using pitch trim and disengaging autopilot early.

Figure 4 shows the V-N diagram of Participant 2 in the surprise condition to visualize a
response that did not meet our criterion of sufficient adjustment of loading. In a V-N diagram,
airspeed (CAS) is plotted against vertical g-load (Nz) to display the aerodynamic boundaries.
Tailwind onset starts at CAS = 220 kt and Nz = 1 (event 0 in Figure 4). The tailwind reduced
CAS to approximately 145 kt, which unloaded the aircraft to .7 g and elicited a stick-shaker
event (1). The brief increase in Nz during the first stick-shaker event (2) can be attributed to
rolling wings level in response to a wing drop (not shown). This was followed by pitch-down
control, so that Nz dropped (3). However, when CAS reached 200 kt again, the pilot started
loading the aircraft too aggressively and too early (Nz increases), leading to a secondary stick-
shaker event (4).

140 160 180 200 220 240 260 280
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0.5

1
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g
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Figure 4. V-N diagram of the recovery of Participant 2 in the surprise condition.
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Adherence to the Recovery Template

The bitmap in Figure 5 provides an overview of the adherence to the four performance criteria by
each pilot in the two conditions. None of the pilots met more criteria in the surprise condition than
in the anticipation condition. Six pilots (30%) met an equal number of the criteria in both
conditions; six pilots (30%) met one fewer criterion; three pilots (15%) met two fewer criteria; five
pilots (25%) met three fewer criteria, and no pilots (0%) met four fewer criteria in the surprise
condition than in the anticipation condition.

Table 2 provides an overview of the GEE analyses, testing for differences between conditions for
each of the performance criteria that were measured. All differences are statistically significant, with
effect sizes (d) varying from medium to large, in or above the range of .5 to .8. In sum, the surprise
manipulation caused a significant decrease in adherence to the criteria that were based on the
recovery template.

Flight Parameters

Table 3 summarizes the statistics of the flight parameters in both conditions. None of the participat-
ing pilots approached or exceeded critical safety limits. A number of the parameters suggested an
increase in difficulty with recovering in the surprise condition. However, these were likely influenced
by the distraction manipulation and thus do not necessarily suggest impaired control responses.

Figure 5. Bitmap of the performance criteria of each pilot. PP = participant number; C1 = disengage autothrottle early; C2 = start
with pitch-down control; C3 = sufficient adjustment of loading; C4 = use pitch trim.
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Subjective Ratings

An overview of the results of the subjective and physiological measures is shown in Table 4. In the
surprise condition, all pilots reported that they did not expect an upset to occur at the landmark. In the
anticipation condition, one pilot reported that he did not expect an upset to occur at the landmark, but
instead suspected something to occur before reaching the landmark. The ratings of surprise were
significantly higher in the surprise condition compared to the anticipation condition, with a large
effect size (d > .8). These results indicate that the surprise manipulation was indeed successful.

In addition to surprise, ratings of startle and workload were also significantly higher in the
surprise condition as compared to the anticipation condition. The difference in perceived startle
constituted a large effect size (d > .80), whereas that of perceived workload was small to medium in
strength (.2 < d < .5). Although perceived confusion was higher in the surprise condition, this
difference did not meet significance after the Holm–Bonferroni correction. Similarly, there was no
significant difference in perceived anxiety during the recovery, which suggests that surprise did not
cause an increase in the participants’ level of stress.

Table 3. The means and standard deviations of the flight parameters in the two conditions.

Anticipation Surprise

M SD M SD N Δ t p Cohen’s d

Response time (s) 2.02 .92 4.12 1.08 20 2.10 8.59 < .001 2.09
Recovery duration (s) 22.83 2.43 21.86 2.90 20 −.96 −1.42 .172 .36
Min CAS (kt) 146.9 2.23 144.3 1.16 20 2.63 −5.62 < .001 1.53
Max CAS (kt) 254.5 16.6 260.7 17.7 20 6.22 1.62 .121 .36
Max descent rate (ft/min) 6,502 1,163 7,388 1,309 20 886 2.70 .014 .72
Max Nz (g) 1.50 .09 1.57 .16 20 .07 2.05 .055 .54
Duration 2nd stick-shaker eventsa(s) .99 1.27 1.69 1.94 19 .70 2.03 .057 .43
Altitude loss (ft) 1,508 361 1,693 385 20 186 2.47 .023 .50

Note. CAS = airspeed.

Table 4. The means and standard deviations of the subjective and physiological measures in the two conditions.

Anticipation Surprise

M SD M SD Δ n p t Cohen’s d

P. surprise (0–10) 1.39 2.00 8.44 1.50 7.05a 20 < .001 12.35 3.99
P. startle (0–10) 1.22 2.00 4.28 2.32 3.06a 20 < .001 5.48 1.41
P. confusion (0–10) 2.78 2.35 3.50 1.92 .72 20 .044 2.16 .34
P. workload (1–20) 12.00 3.18 13.20 3.09 1.20a 20 .027 2.40 .38
P. anxiety (0–10) 3.28 2.35 4.06 1.81 .78 20 .074 1.89 .37
Δ Mean HR (bpm) 14.69 6.14 14.18 6.40 −.51 15 .805 −.25 .08
GSR (mS) .05 .10 .19 .31 .14a 18 .020 2.57 .61

Note. P = perceived; HR = heart rate; bpm = beats per minute; GSR = galvanic skin response.
aSignificant after Holm–Bonferroni correction.

Table 2. Criteria met in the two conditions.

Anticipation (Participants
Met/Unmet)

Surprise (Participants
Met/Unmet) N Δ χ

2 p Cohen’s d

C1: Disengage autothrottle early 11/9 6/14 20 −5a 5.10 .024 .69
C2: Start with pitch-down control 16/4 6/14 20 −10a 13.41 < .001 1.23
C3: Sufficient adjustment of loading 10/10 5/15 20 −5a 3.94 .047 .61
C4: Use trim 9/11 3/17 20 −6a 7.07 .008 .85

aSignificant after Holm–Bonferroni correction.
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Physiological Measures

In line with our expectations, there was a significantly larger GSR increase in the surprise condition
than in the anticipation condition, with a medium effect size. In contrast, Δ mean HR did not differ
significantly between the conditions. In both conditions, the mean HR increased with around 14
beats per minute at the onset of the recovery.

Discussion

In line with our conceptualization of surprise (Landman et al., 2017), the results of this simulator
experiment show that pilots were effectively surprised when an aerodynamic stall mismatched with
their expectations, and that this negatively affected their adherence to the FAA stall-recovery
template. In line with previous studies (e.g., Casner et al., 2013; Schroeder et al., 2014), the outcomes
show that surprise can be used in simulated environments to cause meaningful challenges
to recovery performance. Although our scenarios were somewhat unrealistic so that we could
achieve highly controlled experimental settings, more realistic scenarios could be created for training
purposes. The proportion of pilots meeting each single criterion decreased from the anticipation
trials to the surprise trials by 25 to 50 percent. A number of pilots also had difficulty meeting the
performance criteria in the anticipation condition, suggesting that the instructions and the short
practice session were insufficient to create recovery proficiency. Because we were limited in means
and qualifications to train pilots to full proficiency, it cannot be ruled out that full proficiency would
make performance resistant to surprise. Still, all pilots were able to recover without dramatic altitude
loss or overspeed, indicating that their overall performance was adequate.

The subjective and physiological measures of the pilots’ state showed that our manipulation of
surprise was effective. They also suggest that the surprising upset event was more startling and the
recovery was mentally more demanding than the anticipated upset event. The absence of a difference
in perceived anxiety between conditions suggests that the unexpectedness of the upset event was
perhaps not sufficiently threatening, or that the anticipated task caused similar levels of anxiety. In
each case, our results do not rule out that excessive levels of stress, which are likely present during an
unexpected upset in operational practice, could severely affect recovery performance, especially if
pilots are also surprised and need to reframe the situation (Landman et al., 2017).

One pilot noted that he “had to think for a moment and regain control” in the surprise condition.
Another indicated that he felt “completely unprepared,” that he had a different “mental image” of the
upcoming task and “had to switch.” Pilots also remarked that the distraction method (i.e., being
asked a question and turning away from the display) was very realistic and representative of
distractions in practice. Finally, it was noted that in particular the conviction that a new phase of
the experiment had started took them out of “performance mode,” which made them feel unpre-
pared and taken off guard by the stall in the surprise condition.

Our outcomes substantiate recommendations of using an element of surprise in the training of
upset recovery (EASA, 2015; FAA, 2015), and indicate the importance of focusing such training on
reframing and sensemaking abilities (Rankin, Woltjer, Field, & Woods, 2013), so that recovery skills
can be made resilient against the effects of surprise. In this respect, the recommendation of using
“variations in the types of scenario, times of occurrences and types of occurrence” (International
Civil Aviation Organization, 2013, Section II-1-5), as an alternative to the use of predictable training
scenarios, seems to make sense. This approach already has been shown to be beneficial to transfer of
training to similar or new situations in the domain of sports (van Merriënboer, 1997). Future
research would be necessary to confirm whether the use of unpredictability and variation in training,
as well as potential other interventions, are effective in making pilot performance robust in surpris-
ing circumstances.
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