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Cockpit automation has brought significant benefits in terms of mental workload and fatigue. However, the way
primary flight instruments are monitored by pilots may be negatively affected by the high confidence in systems.
We examined the effects of automation level on mental workload, manual flight performance and visual stra-
tegies. Twenty professional pilots performed six landing scenarios at three levels of automation depending on
flight director (flight path guidance) and autothrust (automatic management of the speed) engagements. Higher
levels of automation increased flight performance and reduced mental workload, but were associated with a
decrease in vigilance to primary instruments, particularly flight path indicators and engines’ thrust. We also
found that gaze entropy was sensitive to pilot role (pilot flying vs pilot monitoring) and automation level. These
results confirmed the risks of adverse effects of automation on visual monitoring. Designing procedures for pilots

to actively monitor automated cockpit systems should be encouraged.

1. Introduction
1.1. Cockpit monitoring and manual flying

Reviews of accidents and incidents in commercial aviation show that
professional flight crews have been sometimes surprisingly unaware of
deviations in basic flight parameters (Mumaw et al., 2019). This issue
has been frequently attributed to insufficient or inappropriate visual
monitoring of instruments (e.g., Lounis et al., 2021; Sarter et al., 2007;
Van De Merwe et al., 2012). Since the majority of information in a
cockpit is conveyed visually, and given that over 75% of pilot errors
have been attributed to perceptual failures (Jones and Endsley, 1996), it
is crucial for pilots to possess strong visual perception skills and the
ability to accurately and quickly interpret the information presented to
them.

Efficient monitoring is crucial, particularly during dynamic phases
such as take-off and landing. Prompt adjustments must be made in
response to any deviations, and this demands a collaborative effort of
surveillance between the Pilot Flying (PF) and Pilot Monitoring (PM).
The PF focuses on flying the aircraft while the PM, previously referred to
as the pilot not flying (PNF), monitors the flight management, cross-
checks actions of the PF, and carries out support tasks such as radio
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communications and running checklists. The critical importance of
effectively monitoring the instruments led the FAA to replace the term
PNF with PM, to emphasize the importance of this activity. At most
airline companies, the role of PF or PM is interchangeable among the
flightdeck pilots and is simply determined prior to initiating a particular
flight segment. Despite this division of roles in the cockpit, both PF and
PM are required to perform monitoring tasks, with some expected
noticeable differences in their visual activities (Dehais et al., 2017;
Mercier et al., 2022; Reynal et al., 2016) due to their respective duties.
For example, during the approach/landing phases, while the PF gener-
ally monitors the attitude indicator or the outside world (if visibility
permits) to monitor the flight path (Reynal et al., 2016), the PM dis-
tributes his gaze over other areas, such as the navigation display to
monitor the aircraft’s position or the speed indicator, to avoid any de-
viation to this vital parameter (Dehais et al., 2017).

Manual control of the aircraft has been described as a highly skilled
task requiring continuous adjustments, mainly through adequate fine-
motor inputs to flight controllers (Haslbeck and Hoermann, 2016).
The pilot must control and monitor cross-coupled flight parameters and
if needed, motor inputs are performed to correct parameters and reach
the desired flight path. According to Ebbatson (2009), pilots develop a
mental model that acts as a mechanism of mental projection, enabling
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the anticipatory control of the systems. These mental models are sim-
plifications of the actual systems (heuristics) that allow a pilot to quickly
and accurately anticipate how the aircraft will behave. Consistently,
monitoring has been considered as essentially sense making (Mumaw
et al., 2020), a systematic observation and interpretation of the current
state of the aircraft requiring integration of current inputs (mainly vi-
sual) with operational knowledge, which includes these mental models,
and the generation of expected flight parameter values and aircraft be-
haviors. Despite this ability to anticipate and efficiently orient attention
toward the relevant channel of information, performing efficient visual
scanning remains complex. In accordance with the previously
mentioned study (Jones and Endsley, 1996), failure to perceive critical
information in the cockpit was identified by the National Transportation
Safety Board (NTSB) as being involved in 84% of major accidents in the
United States from 1978 to 1990 (NTSB, 1994).

1.2. Different levels of automation available for manual flying

Generally speaking, automation in modern cockpits contributed to
improvements in flight safety by reducing pilot workload and fatigue
(Lee and Seppelt, 2012). Yet, whereas lack of automation was prob-
lematic in the beginnings of aviation, growing role of automation now
raises new challenges with experts pointing at risks associated with an
over-reliance on automation (Bowden et al., 2021). The first risk asso-
ciated with the use of high level of automation is the loss of situation
awareness associated with pilots being « out-of-the-loop » (Endsley and
Kiris, 1995; Gouraud et al., 2017) or unable to effectively monitor
automated systems when required (Mumaw et al., 2001; Parasuraman
et al., 1993). Second, over-relying on automation may also induce
progressive loss of manual flying skills (Haslbeck and Zhang, 2017).
Third, pilots may be prone to over-confidence (Antonovich, 2008) or
automation complacency (Brown, 2016; Parasuraman and Manzey,
2010) that can result in an improper monitoring of flight instruments,
decreasing their abilities to take-over in case of automation failure
(Nikolic and Sarter, 2007) or to perceive abnormal parameters. In this
sense, automation bias Wickens et al. (2015) has been defined as the
tendency to follow automation information as a substitute for vigilant
information seeking (Mosier and Skitka, 2018) at the expense of other
cues. This can lead to errors when automation fails to detect problems or
when humans inappropriately follow automation or announcements.
According to Brown et al. (2016), automation complacency is a signif-
icant human factor concern requiring intensification of research to
mitigate its contribution to aviation incidents and accidents.

Modern aircraft offer pilots the flexibility to choose the level of
automation that suits their preferences. The autoflight system integrates
the flight director (FD), a guidance system for the pilot (in manual flight)
or the autopilot; the autopilot, an automatic system controlling the flight
control surfaces to follow the flight director; and the autothrust, a sys-
tem setting engine thrust automatically. When the autoflight system is
fully engaged, the aircraft can take over the entire flight path, leaving
the pilot with the task of monitoring the flight parameters. In this sce-
nario, the pilot assumes a supervisory role, while the autoflight system
handles tasks that were once exclusively performed by human pilots
(Casner et al., 2014). However, the pilot can take manual control of the
aircraft, and then he/she is responsible for actively manipulating the
flight controls to manage the aircraft’s flight path. Even in this situation
of manual control, pilots have the possibility of engaging some level of
flight guidance, with the FD, and automation, with the autothrust.

With FD engaged, command bars are displayed on the attitude in-
dicator. The PF then controls the aircraft’s flight path using the flight
controllers and follows the indication of the FD to adjust the aircraft’s
flight path to match the flight path specified in the flight plan. This
method of piloting is expected to reduce mental workload compared to
flying without the FD, where the PF must rely on primary flight pa-
rameters to build and maintain situation awareness of the aircraft’s
state. Consequently, the use of the FD may change the pilot’s monitoring
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behavior (Zaal et al., 2021), as the primary flight parameters may no
longer be deemed necessary to fly the aircraft (see Fig. 1). However, it is
not clear how the FD activation impacts the monitoring of “raw” flight
path parameters. In addition, autothrust systems adjust the engine thrust
and speed, relieving the pilot of this task, but at the risk of greatly
reducing its propensity to check the aircraft speed and thrust level since
it is automatically controlled by this system. Without the autothrust, the
pilot controls the engines’ thrust level manually, which “forces” him/her
to continuously monitor the impact of his/her actions on the speed. FD
and Autothrust can be activated independently or at the same time,
according to the pilot’s preferences.

Even if these two systems are extremely reliable, they can sometimes
disengage unexpectedly or display erroneous data as a result of inade-
quate mode management (Silva and Hansman, 2015). For example,
during landing, the aircraft can capture a false glide slope signal (an
artifact of the signal that the aircraft can capture when flying well above
the main glide slope), resulting in erroneous guidance from the FD, such
as indicating that the aircraft must increase the pitch attitude instead of
continuing the descent. If the pilot blindly follows FD indications, e.g.,
Delta Air Lines Flight 723 crash (NTSB, 1974), it could lead to a loss of
control. Also, automation mode confusion, human-automation interac-
tion breakdowns (Skraaning and Jamieson, 2023), or surprise and
startle effects (Deniel et al., 2023) are a significant problem even when
the automation itself is operating exactly as designed (Sarter and Woods,
1997). In a famous accident at San Francisco airport (Asiana Airlines
Flight 214), the autothrust was disengaged because the Captain selected
an inappropriate autopilot mode that, without his awareness, resulted in
the autothrust no longer controlling airspeed and performance (NTSB,
2014). The crew did not notice the airspeed decrease, leading the
aircraft to stall and crash on final approach at San Francisco Interna-
tional Airport. The primary means of airspeed awareness for flight crews
are indications of the speed tape on the primary flight displays. It is very
likely that they did not gaze at these indicators, probably expecting
speed to be under control of the autothrust. Eventually, automation
failures can also emerge from “propagating malfunctions” or “poorly
integrated equipment” (Skraaning and Jamieson, 2023), as highlighted
in events such as the recent B737 MAX accidents (AAIB, 2022; KNKT,
2019).

1.3. Objectives and hypotheses

We aimed to examine the influence of the level of automation on the
flying performance and monitoring strategies in 20 professional airline
pilots. We assessed 3 levels of automation depending on the activation of
the FD and autothrust engagement. We predicted that the engagement of
the FD and the autothrust 1) would result in lower mental workload and
2) better flying performance during the landing. However, with these
systems engaged, 3) a shift of visual attention allocation away from the
primary flight parameters (in particular speed, flight path, thrust level)
towards the FDs may occur, especially for the PF, reflecting a high
focusing of visual attention (eye fixations) on the FD and a decreased
vigilance on the primary flight parameters. This increased time spent on
FD should be more specific to PF since he/she is directly in charge of the
control of the flight path of the aircraft.

2. Method
2.1. Participants

Twenty A320 qualified pilots including 10 Captains and 10 First
Officers were recruited for this flight simulator experiment. All were
males, with a mean age of 42 years (SD = 3.8) for Captains and of 29
years (SD = 2.7) for First Officers, and with a flight experience of
respectively 11500 flying hours (SD = 1300 flying hours) and 3500
flying hours (SD = 340 flying hours). All were volunteers, unaware of
the purpose of the study, and randomly assigned to another pilot to form
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Fig. 1. Illustration of how the pilot might monitor instruments and control the aircraft without (left) and with (right) the flight director guidance. When activated, it
is suspected that the pilot has a lower level of consciousness of the information displayed in the primary flight instruments since he/she might focus only on the
command bars (overlaid on the attitude indicator) of the flight director. A similar logic is likely to apply to airspeed and engines thrust information when autothrust

is activated.

a crew. They had all previously experienced landing at Toulouse Airport
in their careers. This research complied with the Declaration of Helsinki
and was approved by the CERNI (Ethics Committee of the University of
Toulouse, France, IRB00011835-2020-03-03-210). Informed consent
was obtained from each participant.

2.2. Flight scenarios

All 20 pilots performed six times the same flight, from take-off to
landing (with an Instrument Landing System, ILS) at Toulouse airport
(LFBO, runway 32R). They performed it alternatively as PF (actually
flying the aircraft) and PM, with the three possible levels of automation
(no use, partial use, high use), see Table 1. A total of 120 flight scenarios
were examined. The eye-tracking and performance analyses were con-
ducted on the approach and landing phase of the flight, which covered
the altitude range between 2500 feet and the moment of touchdown.
Weather conditions were instrument meteorological conditions (IMC),
with a visibility higher than 550 m and a 15 knots crosswind. Each pilot
began either as PF or PM randomly and went in a counterbalanced order
through the three levels of automation in the same role. Subsequently,
they switched to the other role and again went through the three levels

Table 1
The six flight scenarios performed by each pilot.

As pilot flying (PF) As pilot monitoring (PM)

No use of automation
Partial use of automation
High use of automation

No use of automation
Partial use of automation
High use of automation

Table 2
The three levels of automation used during the experiment, depending on flight
director and autothrust activations.

Flight director (FD) Autothrust (A/T)

No use of automation OFF OFF
Partial use of automation ON OFF
High use of automation ON ON

of automation, also in a counterbalanced fashion (see Table 2).

The levels of automation consisted of modulating the activation of
two systems: Flight Directors (FD) guidance and Autothrust (A/T)
management. Both are automatic systems that are designed to assist the
pilot in respectively providing flight path guidance and aircraft speed
management (by automatically adjusting engines’ thrust level). For each
flight scenario, pilots were instructed to manually perform the approach
(i.e., with autopilot disengaged) but with these different levels of
automation.

The professional pilots tested in this experiment all had current
Airbus A320 qualifications and flew the actual aircraft and the simulator
on a very regular basis. Therefore, no familiarization with the simulator
was required. At the beginning of the experiment, the pilots were
informed that they would perform several flights at Toulouse airport and
that the level of automation for the approach and landing would be
specified just before the descent point at 2500 feet. They were also
informed that the experimenter would act as an “air traffic controller”,
providing weather information and flight instructions.
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2.3. Flight simulator

Experiments were conducted in a Thomson A320 level “D” qualified
full-motion flight simulator, see Fig. 2. Level “D” is the highest standard,
allowing pilot qualification training in the absence of any flight time
requirement in the actual aircraft. It provides a collimated cross-cockpit
display for the out-the-window world view; and reproduces all systems,
communications devices, and glass cockpit displays, in a similar fashion
to actual aircraft.

Four flight performance parameters were recorded during the
approach/landing. Specifically, we measured lateral and vertical de-
viations (lower is better), speed (target = 138 knots), and height above
runway threshold when reaching the runway threshold (target = 50 ft).

2.4. Eye-tracking and area of interests

Eye movements were recorded using two head mounted Pertech eye-
trackers (accuracy .25°, sampling rate 50Hz). An eight-point calibration
procedure was performed before the first flight scenario. Before each
scenario, the quality of the calibration was checked by asking the par-
ticipants to look at a series of instruments. If a measurement problem
was detected at this point, a new calibration was performed. A total of
five areas-of-interest (AOIs) were defined, see Fig. 3. Contrary to pre-
vious studies that consider the Primary Flight Display (PFD) as a single
AOI (e.g., Zaal et al. (2021), we dissociated three important AOIs in the
PFD: FD command bars (the attitude indicator with the FD displayed
inside when activated), Speed instrument, and Flight path information
that aggregates heading instrument and lateral deviation scale (i.e.,
localizer) as well as altitude instrument and vertical deviation scale (i.e.,
glide slope). In addition, we also defined the AOIs Engines thrust and
Window. Percentages of fixation times were calculated to characterize
pilots’ attention distribution over the cockpit (Haslbeck and Zhang,
2017) with the aim to understand how FD and autothrust use impact the
monitoring of primary flight parameters. As a complementary analysis
we measured the complexity of pilots’ eye movements with stationary
gaze entropy (Krejtz et al., 2015) using the following equation: H(x) =

— >t 1 (pi)log,(pi). According to Krejtz et al. (2015), a higher value of
stationary entropy indicates that the subject distributes their visual
attention more equally among AOIs. A lower value is observed when
fixations tend to be focused on a smaller amount of AOIs. Tole et al.
(1983) demonstrated that increases in pilot workload were associated

Fig. 2. Picture of the Thomson A320 flight simulator used for the experiments.
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with reductions in the complexity of their gaze patterns across a simu-
lated flight instrument console. More recently, entropy has been shown
to distinguish between baseline driving and conditions of high
visual-spatial task load (Schieber and Gilland, 2008). It is thus inter-
esting to examine whether entropy is sensitive to the level of automa-
tion. FD engagement may reduce visual complexity due to a high
focusing of attention on the latter. Due to technical issues, eye-tracking
data were missing for 10% of the no automation scenarios (4 out of 40)
and 15% of the partial automation scenarios (6 out of 40). These missing
data were replaced using mean imputation. No eye-tracking data were
missing for the high automation scenario.

2.5. Procedure

The crew (Captain and the First Officer) was welcomed by the ex-
perimenters and completed the consent form and a demographic ques-
tionnaire asking for their age, flight experience, and current aircraft
model. They were then accompanied into the flight simulator. They
were equipped with the eye-tracker and performed the calibration. They
then performed six flights, all experiencing the three levels of automa-
tion as PF and PM. After each of the flights, participants performed a
subjective measurement of their perceived workload using only the raw
mental demand subscale of the NASA-TLX (Hart, 2006) to reduce the
experimental time. Each flight scenario lasted approximately 12 min. In
this paper, we focused our analysis on the approach/landing phase,
whose duration was approximatively 2 min. The whole experiment
duration was approximately 2 h for each crew.

3. Results
3.1. Statistical analysis

One-way ANOVAs (3 levels of automation) were performed to
examine flight performance and mental workload of PFs. Flight perfor-
mance analysis excluded pilots who did not manage to stabilize the
approach since they performed a go-around (no performance data for
them). For eye-tracking data, a two-way repeated measures ANOVA (3
levels of automation x 2 pilots’ roles) were performed on percentages of
time spent on each AOI (Fig. 3). An additional two-way repeated mea-
sure ANOVA (3 levels of automation x 2 pilots’ roles) was performed to
analyze entropy levels variations. Post-hoc pairwise comparisons were
performed using Tukey’s HSD (honestly significant difference) test with
p value adjustment for multiple comparisons. Normality and homosce-
dasticity were checked using Kolmogorov-Smirnov and Mauchly tests
respectively.

3.2. Mental demand and flight performance according to automation
levels

As expected, an increase in the level of automation was associated
with a decrease in subjective pilot (PF) mental demand, F(2,38) =
277.46, p < .001, 1113 = .49. More precisely, mental demand decreased
across each increase in level of automation (Fig. 4), with a higher sub-
jective demand in the no automation (M = 71.2, SD = 9.7) vs partial
automation (M = 28.8, SD = 8.7) (t(29) = 14.59, p < .001), and a higher
subjective demand in the partial vs high automation (M = 12.5, SD =
7.2) (t(29) = 7.28, p < .001).

In general, increased automation level was associated with an in-
crease in flight performances. We analyzed the number of unstabilized
approaches. A go-around was performed when the pilot failed to stabi-
lize the aircraft, which is the standard decision. As expected, the highest
number of unstabilized approaches was observed in the no automation
level. In this condition, 5 pilots out of 20 (25%) had to go-around, see
Table 3.

In addition, increased automation level was associated with lower
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Fig. 3. Picture of the actual Thomson A320 flight simulator cockpit showing the five AOIs used in the experiment. The same AOIs were used on the left seat. FD is
inside the attitude indicator, visual fixations to this instrument are assumed to be on the FD when engaged.
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Fig. 4. Subjective mental demand score according to the three levels of auto-
mation. No = no use of automation; Partial = Flight director only; High = Flight
director + Autothrust. Error bars are SEM.

Table 3
Percentage of unstabilized approaches leading to a go-around as a function of
the automation levels.

Automation level Percentage of unstabilized approaches

No use of automation 25%
Partial use of automation 5%
High use of automation 0%

lateral (F(2,28) =12.90, p < .001, 17 =
(F(2,28) = 7.92, p = .002, 17 =
were significantly smaller in high vs no automation for both lateral (¢
(14) = 3.76, p = .006) and vertical (t(14) = 3.38, p = .01) deviations, see
Fig. 5.

We analyzed two additional flight parameters during the landing
phase, namely speed and height above runway threshold when landing.
Due to loss of data, in addition to the unavailable data from the pilots
that performed a go-around, data from 2 pilots were missing in partial
automation level and from 1 pilot in no automation level. Automation
level had no significant effect on speed at runway, F(2,24) = 4.96, p =
.19, ;71% = .13, see Fig. 6 (and Table S1 for descriptive statistics for per-

.48) and vertical path deviations

.36). More precisely, path deviations

formance parameters).

On the contrary, height at runway was impacted by automation
level, F(2,24) =1.80,p =.016, ;15 =.29. However, post-hoc comparisons
only revealed a marginally lower height deviation in partial vs no
automation level (t(12) = 2.51, p = .066), see Fig. 7.

3.3. Percentage of fixation times on AOIs according to automation levels

Main effects of pilot role were significant for all AOIs. PF were more
focused on Window (F(1,19) = 100.53, p < .001, np .84) and Flight
Director (F(1,19) = 9.16, p = .007, np = .33), while PM were more
focused on Speed (F(1,19) =18.61, p < .001, r;}f =.49), Engines thrust (F
(1,19) =78.73,p < .001, 1113 =.81), and Flight path (F(1,19) = 33.81,p
< .001, 1112, = .64), see Fig. 8.

The main effect of the level of automation was significant for Flight
Director F(2,38) = 6.99, p = .003, ;713 = .27, Engines thrust, F(2,38) =
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m High automation

Vertical path deviation

Fig. 5. Lateral and vertical path deviations according to the three levels of automation. Pilots who did not manage to stabilize the approach were not included. No =
no use of automation; Partial = Flight director only; High = Flight director + Autothrust. Error bars are SEM.

142

141

140

139

138

137

136

Speed at runway threshold (kts)

No automation

Partial automation High automation

Fig. 6. Speed at runway threshold according to the three levels of automation.
The red dashed lines indicate target height. Pilots who did not manage to sta-
bilize the approach were not included (no data available). No = no use of
automation; Partial = Flight director only; High = Flight director + Autothrust.
Error bars are SEM. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

3.81,p = .03, 173 = .17 and Flight path, F(2,38) = 14.09, p < .001, ;15 =
.43. Post-hoc tests showed less Flight director gaze time for no vs high
automation (£(19) = 3.60, p = .005). Engines gaze time was higher in
partial vs no use of automation (t(19) = 3.46, p = .007). Time spent
gazing Flight path decreased with increased level of automation. More
precisely, it was lower in partial/high vs no automation (t(19) = 4.37, p
< .001, (19) = 4.00, p = .002, respectively).

Importantly, we also found significant pilot role x level of automa-
tion interactions for Flight Director (F(2,38) = 5.13, p = .01, ;13 =.21),
and Engines thrust (F(2,38) = 4.65, p = .02, ’13 = .20) Post-hoc tests
revealed that PF gazed more at the Flight Director with high automation
than without automation (t(19) = 4.28, p = .005) whereas gaze time on
Flight Director did not change significantly for PM across the different
levels of automation, see Fig. 8.

Time spent by PF gazing Engines thrust was lower in high vs partial
automation (t(19) = 3.57, p = .02), which likely reflected the effect of
the autothrust engagement. Interestingly, time spent by PM gazing at the
Engines thrust did not decrease between partial and high automation (t

Height at runway threshold (ft)

58
56
54
52
50 -
a8
46
a4
42
40

No automation  Partial automation High automation

Fig. 7. Height at runway threshold according to the three levels of automation.
The red dashed lines indicate target height. Pilots that did not manage to sta-
bilize the approach were not included (no data available). No = no use of
automation; Partial = Flight director only; High = Flight director + Autothrust.
Error bars are SEM. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

(19) = .12, p = 1), and was higher in partial vs no automation (£(19) =
3.29, p = .04). All other main effects and interactions were non-
significant (see Table S2 for descriptive statistics for percentage of fix-
ation time on each AOI for both pilot roles).

3.4. Visual entropy according to automation levels

Main effect of pilot role was significant and showed that PM entropy
was higher than PF (F(1,19) = 38.38, p < .001, '73 =.67), see Fig. 9. The
pilot role x level of automation interaction was also significant (F(2,38)
= 4.20, p = .023, ;13 = .18). Post-hoc tests revealed that this higher
entropy for PM compared to PF was significant in the no automation
condition (t(19) = 3.27, p = .040) and in the high automation condition
(t(19) = 7.71, p < .001). While PF entropy diminished in the high
automation condition, it increased for the PM. The effect was close to
significance in the partial automation condition (¢t(19) = 3.05, p = .062).
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Partial = Flight director only, High = Flight director + Autothrust. Note that in the no automation condition, the Flight director bar commands are not displayed in
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Fig. 9. Entropy for pilot flying and pilot monitoring across the three levels of
automation. No = no use of automation; Partial = Flight director only; High =
Flight director + Autothrust. Error bars are SEM.

4. Discussion

It was hypothesized that the engagement of the flight director and
the autothrust would result in reduced mental workload and improved
flight performance. The results confirmed the first hypothesis: higher
levels of automation drastically reduced mental workload, confirming
the benefits of automation when it relieves humans of some tasks (Young
and Stanton, 2002). Logically, higher levels of automation were asso-
ciated with an increase in flight accuracy and a lower rate of unstabi-
lized approach (no go-around observed in the full automation
condition), confirming the second hypothesis. Intuitive flight path
guidance provided by the FD and the automatic management of the
speed with the auto-thrust have made it possible to increase the landing
performance: the flight path was significantly more accurate for the full
(FD and A/T) and partial (FD only) automation levels compared to the
scenarios without automation. We can speculate that the decrease of
flying performance when flying without the help of the FD and auto-
thrust may also somehow reflect an erosion of manual flying skills
(Haslbeck and Hoermann, 2016). To confirm this, a future study could
attempt to correlate recent individual manual flight time with flight

performance without the assistance of the flight director. Interestingly,
Kaber & Endsley (2004) indicated that adaptive automation could be
helpful in regulating workload while maintaining operator’s
involvement.

Despite the anticipated benefits of automation, a third hypothesis
predicted that higher levels of automation (with the flight director (FD)
and auto-throttle (A/T) engaged) would lead to a shift in attention away
from critical primary flight parameters (such as flight path and engine
thrust) toward the FD. This shift would likely result in a lack of situation
awareness, as primary flight parameters are essential inputs for level 1 of
pilot situation awareness (Endsley, 1995), which involves the percep-
tion of elements in the current situation. We indeed observed that pilots
reallocated their attention to the FD (inside attitude indicator) in the
highest levels of automation, at the expense of a more direct monitoring
of the primary flight parameters. This effect of automation appeared to
be specific to PF, which demonstrated an increased time spent on the FD
and a decreased time spent checking the engines’ thrust level in full
automation. Although this shift of attention is expected as the pilot
delegates flight path calculation and speed management to respectively
FD and autothrust, it reflects a change of pilot’s representations from
primary flight parameters in manual mode to flight guidance (i.e., FD)
when flying with a high level of automation. Such a change could make
pilots more vulnerable to losses of situation awareness, which is
particularly sensitive when facing unreliable or inconsistent flight
guidance (Endsley and Kiris, 1995) or automatic speed management.

The high fixation time on the FD shown by PFs at higher levels of
automation in our study resemble attention tunneling behavior, known
to be induced by the head-up-display (Wickens and Alexander, 2009).
Whether that behavior is training-induced, task-induced, linked to
automation complacency, a natural method to mitigate workload, or
several of these possibilities at the same time is open to question and
would justify further eye-tracking based research work. Regarding
complacency, we must however be cautious as the definition of optimal
sampling of very highly reliable systems is still an open question (Moray,
2003). Introducing an automation failure could have helped to estimate
the impact of the reduced monitoring on flight path and engine thrust on
the capacity to take over for automation. Pilots could be trained to
practice more on manual flight during recurrent training and made
aware of the fact that primary flight parameters should be glanced
frequently to detect any discordance with automation behavior.
Regarding engines thrust monitoring with autothrust engaged, there is
accumulating evidence of the difficulty in maintaining attention focused
on the activities of an automated system that nearly never fails (Casner
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et al., 2014). A possibility is to raise awareness of the risks of automa-
tion, with training modules on the dangers of complacency in automa-
tion, discussing past incidents where lack of vigilance led to accidents.
However, this solution needs to be evaluated further since active
monitoring of automated systems must not be performed at the expense
of other important instruments. Active vigilance (Sumwalt, 2003), can
also be promoted to emphasize the importance of scanning the primary
flight instruments at regular intervals, even when in automatic mode.
This will help pilots maintain sustained attention to primary flight pa-
rameters. Pilots could also be trained more on emergency situations
where they would have to disable automation and take manual control,
enabling to stay engaged and practice the skills necessary to manage
critical situations without automation.

We observed that PMs’ visual strategies were generally more
spatially distributed across the different instruments than PFs’. They
looked more at the primary flight parameters, in particular flight path,
speed and engines thrust. Interestingly, PMs’ visual behavior remained
relatively unchanged across the different levels of automation. In addi-
tion, entropy results showed that while PF’s entropy diminished in the
full automation condition, it increased for the PM. A higher value of
stationary entropy indicates that the subject distributes more their visual
attention among AOIs (Krejtz et al., 2015). These findings are important
and show that PMs continue to build their situation awareness in high
levels of automation, in particular with primary flight instruments as a
primary source of information. They have thus a critical role in detecting
anomalies in the automation. The PM appears to be less sensitive to the
attention tunneling effect of the FD, because she/he is not actually
engaged in the control of the aircraft flight path, thus she/he may be the
first to detect an erroneous autoflight mode or an inappropriate guid-
ance situation and should be able to react more quickly than the PF.
Previous research has shown that gaze entropy decreases (and thus gaze
dispersion) during periods of high mental workload in car driving (e.g.,
Goodridge et al., 2024) and aircraft piloting (Diaz-Piedra et al., 2019), in
a fashion that reflects attention tunneling. On the contrary, we observed
a reduction in entropy in PF when mental workload was low and auto-
mation was high. In our view, this supports the notion that our
eye-tracking measures captured a complacency effect (rather than an
effect of mental workload) as PF exhibited increased focus on the FD bar
at the expense of other critical flight parameters, such as engine thrust.

The PM’s lower sensitivity to attention tunneling further highlights
the challenges associated with transitioning to single-pilot operations
(SPO) and extended minimum crew operations (eMCO). The latter
proposes the introduction of single-pilot flight deck operations for sig-
nificant periods of time, especially during cruise periods. In these pe-
riods, the “additional” PM would no longer be there to act as a safety net
in the event of failure of the automatic systems. Worst of all, it appears
that the absence of the PM would lead to a change in scanning behavior:
indeed, a recent study showed that the PF spent significantly more time
scanning secondary instruments at the expense of primary instruments
when flying alone (Faulhaber et al., 2022).

4.1. Limitations

All pilots participating in this study had prior experience with Tou-
louse airport, which is an airport without any particular challenge.
While this setting allowed for controlled data collection, it would be
valuable to extend this study to more complex scenarios involving air-
ports with more demanding approaches or unexpected events. Such
conditions would allow to test manual piloting skills and cockpit
monitoring abilities in a more challenging context. One limitation of the
study is the moderate number of pilots recruited. Increasing the sample
could lead to more robust findings. However, recruiting professional
pilots qualified for a specific aircraft and having access to a level D full
flight simulator during numerous hours remains a logistical challenge.
Lastly, while eye-tracking technology was used to gather data, it does
present some biases. Notably, eye-tracker essentially provides the
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current fixation point, meaning that when pilots focus on the flight di-
rector bars in the center of the attitude indicator, they may still capture
some information in peripheral vision on some primary flight parame-
ters, in particular flight path and speed. However, such perception is
likely to be imprecise, as it would only concern the detection of move-
ments or changes on the indicators (Ramon Alaman et al.,, 2020).
Additionally, engine thrust indications are located far from the flight
director bars, meaning that the lack of fixation on this indicator, as
observed in higher levels of automation in our study, could not be
compensated by peripheral vision.

5. Conclusion

Our results show that the mental resources saved by the use of
automation are in fact not directly reinvested in a more rigorous
monitoring of the primary flight parameters, in particular when acting
as pilot flying. This supports the idea of a risk of attention tunneling from
the pilot flying to the flight director, suggesting a certain degree of
automation complacency. The reduced monitoring of the automated
tasks could be seen as a consequence of the pilots’ rational choice to
increase their attention towards the larger context of the cockpit at the
expense of tasks that automation can reliably handle in the vast majority
of cases. However, the entropy result contradicts this possibility in the
case of the pilot flying, who showed a narrower visual attention at the
higher level of automation. Overall, it confirms the sensitive situation of
flying with a high degree of automation in case of failure, malfunction or
inappropriate use of automation. Indeed, our results suggest that when
flying with higher degrees of automation, pilot flying’s mental repre-
sentation is less likely to be built upon primary flight instruments.
Without proper awareness of critical primary flight parameters, it is
difficult for pilots to take over for automation if required. Pilots should
be made more aware that those “raw” primary flight parameters need to
be frequently sampled when high levels of automation are in use.
Importantly, our results confirmed that the pilot monitoring is a key
element of flight safety as he/she is much less affected by the level of
automation and maintains a higher level of attention on primary flight
instruments. The possible incoming transition to eMCO flight will
necessarily raise issues of primary flight parameters monitoring. It is
crucial to conduct experiments to check that eMCO flight will allow a
comparable level of vigilance on primary flight instruments. Replicating
this study with a single pilot could help address this issue. Finally,
beyond the training solutions mentioned above, eye-tracking technology
may also provide a powerful way to help pilots improve their gaze
strategies, for example, by identifying ineffective visual behaviors
(Lefrancois et al., 2021) and providing real-time feedback (Dubois et al.,
2015; Lounis et al., 2020) to correct suboptimal gaze monitoring habits.
By understanding these behaviors, instructors could develop specific
exercises to help pilots adopt more effective gaze strategies.
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