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Abstract. Here, a descriptive study is reported that addresses the re-
lationship between flight control performance and instrument scanning
behavior. This work was performed in a fixed-based flight simulator. It
targets the ability of untrained novices to pilot a lightweight rotorcraft
in a flight scenario that consisted of fundamental mission task elements
such as speed and altitude changes. The results indicate that better con-
trol performance occurs when gaze is more selective for and focused on
key instruments. Ideal instrument scanning behavior is proposed and its
relevance for training instructions and visual instrument design is dis-
cussed.

1 Introduction

Like driving a car, piloting a rotorcraft is a closed-loop motor control task that
relies heavily on visual feedback. Visual feedback informs us on the outcome of
our control inputs and whether it is necessary to change these inputs in order to
arrive at our desired performance levels. Information such as velocity is available
from the outside world, it can also be provided more precisely via instruments
(eg., airspeed indicator).

Piloting a rotorcraft is, arguably, more difficult than driving a car for several
reasons. First, it offers movement in more degrees of freedom. A rotorcraft pilot
is required to control not only the vehicle’s airspeed and heading, but also its al-
titude. Second, the control devices of a rotorcraft are not directly mapped to the
direction of the vehicle’s motion. In a car, accelerations and decelerations can be
achieved by exerting pressure on the accelerator and braking pedal, respectively.
Maintaining a constant velocity is achieved by determining the appropriate pres-
sure to consistently apply to the accelerator. This connection between control
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device and vehicle control is direct and intuitive. In contrast, rotorcraft accel-
eration is achieved by tilting the rotor disc (and thus, the helicopter) forward.
Lateral decelerations are effected by tilting the rotor disc in the opposite direc-
tion. Thus, flying at a constant airspeed requires continuous adjustments of the
rotor disc’s tilt. Last but not least, rotorcraft controls are coupled. Tilting the
rotor disc forward will not only accelerate the rotorcraft in the same direction
but will also reduce its upward thrust, hence causing a loss in altitude. Con-
versely, decelerating the rotorcraft by reducing the forward tilt of the rotor disc
will increase the upward thrust, causing an increase in altitude.

Efficient monitoring of available visual feedback information can be expected
to be relevant to effective rotorcraft control. By moving his eyes, the pilot is
able to switch between monitoring several visual feedback cues (eg., airspeed,
altitude, heading, etc.) and checking for any discrepancies between desired and
actual values. This underlies his ability to manipulate the rotorcraft’s controls
appropriately, such as to reduce detected discrepancies. Scanning strategies have
also been shown to differ across levels of control expertise. Recently, navigation
accuracy was found to negatively correlate with the amount of time that pi-
lots looked at the “outside” world [1]. Thus, expertise might be reflected in a
decreasing reliance on outside world cues.

Gazetracking methods allow researchers to determine how visual feedback
information is sought after during flight control. In the context of driving and
aviation, gazetracking data can identify which visual cues and instruments are
relied on the most. For example, the primary flight display was the cockpit
instrument that pilots looked at the most during the approach and landing of
a A330 fixed wing aircraft — namely, 40% of looking time [2]. Within this,
attention was particularly dedicated to information relating to the attitude of
the plane, its airspeed and altitude. Findings such as these can improve cockpit
designs, by tailoring the visualization of information to fit the pilot’s mission
objectives.

To date, relevant eye-tracking research has predominantly addressed expert
flight performance. Relatively little is known about the relationship between
flight control performance and instrument gaze behavior in novices. Our research
seeks to identify methods and technologies that will enable personal aviation
transport, by allowing flying a personal aerial vehicle to be as easy as driving
a car [3][4]. To do so, it is necessary to measure and model the behavior of
untrained individuals that underlie their ability to control an aircraft.

In this study, we designed a flight scenario that reflected a daily commute
from a suburban area to a city region. Novices were required to pilot a light-
weight rotorcraft model in a helicopter flight simulator that was equipped with a
remote eye-tracking system. The motivation of this work was to explore the re-
lationship between flight control performance and scanning strategies of novices.
Specifically, we investigated how novices with varying levels of control perfor-
mance might differ in terms of how they looked at their flight instruments for
control information. It should be mentioned that flight trainees are explicitly
taught strategies on how to scan their flight instruments for flight control. In



this paper, we investigate how novices are likely to monitor flight instruments
without having received such instructions.

The remainder of this paper is organized as follows. Section 2 provides a
detailed description of the flight mission and the fixed-base simulator environ-
ment. It also describes how data was collected for subsequent analyses. Section
3 presents the descriptive statistics of our current work and our interpretations.
Section 4 discusses the implications of the current results and how that could
influence training instructions and the interface design of visual instrumentation.

2 Methods

2.1 Participants

Four male participants were recruited for this study (age range: 29–34 years).
They possessed normal or corrected-to-normal vision. None of the participants
had formal flight training for rotorcraft. More importantly, they have never re-
ceived any formal instructions for instrument scanning strategies.

2.2 Apparatus and Flight Model

The fixed-based flight simulator was based on a simulated model of a light-weight
helicopter with a large bandwidth for control inputs [5] (Figure 1). Visualiza-
tions of the outside world were based on the topography of San Francisco, USA.
These were presented via a large multi-panelled display that rendered a world
environment (field-of-view: 105◦ x 100◦).

A heads-down display consisted of eight standard flight instruments that
indicated the rotor speed (RS), airspeed (ASI), attitude (AI; also referred to
as the artificial horizon), altitude (AT), torque (TQ), compass (CO), heading
(HI), vertical speed (VSI) — see Figure 1 (inset). These are arranged in the
standard T-arrangement of ASI, AI, AT on the second to four position in the
top row, and HI in the third position of the bottom row. Eye-movements on
the instrument panel were recorded using a 60 Hz remote eyetracker (faceLAB;
SeeingMachines). The users gaze vector was estimated up to an accuracy of
1.5◦, which was sufficient for determining the specific flight instrument that was
fixated by the user.

A cyclic stick, collective lever and foot-pedals comprised the control devices.
The cyclic stick controls the tilt of the rotorcraft. Namely, the rotorcraft will
tilt in the same direction as the cyclic stick. If the cyclic is moved forward, the
rotorcraft tilts forward; if the cyclic is moved aft, the rotorcraft tilts aft, and so
on. These changes are reflected in the attitude indicator (AI), which indicates
the rotorcraft’s relation to the horizon — that is, whether it is pointing below or
above and whether it is level with the horizon. Tilting the rotorcraft such that
it points below the horizon will increase airspeed (ASI). This forward tilt will
induce a loss in altitude (AT) unless accompanied by an increase in thrust power
(RS). Conversely, reducing airspeed (ASI) by decreasing the rotorcraft’s forward



Fig. 1. Flight simulator with remote eye-tracking cameras (indicated in the white el-
lipse). Instrument panel is featured inset (From left to right. Top panel: RS, ASI, AI,
AT. Bottom panel: TQ, CO, HI, VSI.)

tilt will induce an elevation in altitude if the thrust (RS) is not simultaneously
reduced. Control of thrust is determined by the collective lever. The yaw of
the rotorcraft can be controlled by the foot-pedals. This compensates for any
undesired torque forces (TQ) on the fuselage that result from changes in the rotor
speed (RS). The global bearing of the rotorcraft is indicated by the compass (CO)
and its current heading relative to its destination by a heading indicator (HI).

2.3 Flight Scenario

Prior to experimentation, participants had at least 10 hours of experience in the
flight simulator, which familiarized them with the dynamics of the simulated ve-
hicle and the instrument layout. The participants were aware of how the controls
were coupled and how to use them in combination to achieve simple maneuvers
— such as to accelerate, decelerate, ascend and descend — without creating
large instabilities.

Four experimental sessions were conducted per participant with a common
flight mission. Our participants were to fly from a suburban airfield to the city
area of San Francisco, USA. This reflects a daily personal aerial vehicle commut-
ing scenario. Three classes of mission task elements (MTEs) comprised the entire
flight scenario: straight and level flight, altitude change, and airspeed change.
This flight scenario was designed, with the assistance of an experienced heli-



copter pilot (approx. 650 flight hours), to be within the control capabilities of a
beginning trainee.

2.4 Data collection

The airspeed and altitude of the rotorcraft were recorded during each flight
session, in tandem to our participants’ gaze. This allowed us to characterize
flight control performance (see Subsection 3.1)

Nine regions of interest (ROI) were designated. Namely, the eight instruments
and the outside world. Dwells were defined as periods when the participants’ gaze
intersected with one of these ROIs. Gaze data across the flight mission were
first classified into those that belonged to the heads-down instrument panel or
the world environment. Dwells belonging to the instrument panel were further
classified for the specific instruments using a k-nearest-neighbor filter. Thus, it
was possible to derive the number of dwells per ROI as well as the likelihood
that a ROI dwell follows from another ROI dwell (see Subsection 3.2).

3 Results and Discussion

3.1 Flight Control

The current flight scenario required our participants to demonstrate control over
their airspeed and altitude. Figure 2 (upper half) illustrates the desired trajec-
tory for these two attributes and how our participants deviated from them across
their final flight mission. Performance in keeping altitude and airspeed was deter-
mined by calculating the root-mean-squared error (RMSE) between desired and
actual value. For MTEs in which a change in altitude or airspeed was performed
by the participants, the RMSE for altitude error or velocity error, respectively,
was not determined.

All participants showed increased instabilities in keeping altitude with respect
to straight-and-level flight after they performed changes in airspeed (acceleration
and deceleration). Conversely, changes in altitude did not result in more airspeed
instability with respect to straight-and-level flight.

Across the whole flight mission, our participants differed primarily on their
ability to control airspeed, rather than altitude (see Fig. 2, lower half). Across all
participants, a prominent increase in altitude control difficulty is observed in the
later stages of the flight mission, especially when decelerating and descending.

We used the RMSE metric to rank-order the performance of our participants,
such that we could evaluate their gaze behaviour for corresponding trends. Par-
ticipant S4 performed worst in keeping airspeed and altitude, whereas partici-
pants S1, S2 and S3 had similar performance in keeping altitude, but showed
decreasing performance in keeping airspeed, respectively. Henceforth, they will
be referred to as S1, S2, S3 and S4 in increasing order of RMSE, and color-coded
in the figures as dark-green, green, red and dark-red respectively.



Fig. 2. Upper half: Control performance during a standard flight scenario. Partic-
ipants are ranked according to decreasing control performance, from left to right.
Nine mission task elements comprise the flight scenario: straight and level flight (dark
blue), altitude change (light blue), airspeed change (yellow). Desired values for airspeed
(green) and altitude (blue) across the flight scenario are indicated by the underlying
straight lines and actual performance is overlaid. Lower half: Mean RMSEs of flight
control performance of each participant. The mean RMSEs across flight mission are
indicated on the right vertical axis.

3.2 Gaze behavior

Gaze selectivity across instruments Figure 3 illustrates the mean number of
dwells on each instrument and the outside world (rows) for each MTE (columns)
across the flight mission. Each grayscale histogram reflects the number of times
each instrument was looked at; white denotes the maximum number of dwells
within each individual histogram and black indicates that the instrument was
never looked at.

Fig. 3. Grayscale histogram for the mean number of dwells on each instrument and out-
side world (rows), for each maneuver (columns). The mean proportions of instrument
dwells are reported on each histogram’s right.



Every participant consistently demonstrated a gaze preference for the air-
speed indicator (ASI) and altimeter (AT). This corresponds with the main de-
terminants for flight control performance in our flight scenario. This instrument
preference did not vary according to the changing mission task elements.

To reiterate, our participants primarily differed in terms of their ability to
control airspeed, rather than altitude. A corresponding trend is noted in the gaze
allocation to instruments. Mean proportion of dwells on ASI decreased from S1
to S4. Mean proportion of dwells on AT did not vary much between S1, S2 and
S3 but was noticeably less for S4.

More than 85% of S1’s dwells can be attributed to ASI, AT and the outside
world (OW), in decreasing order of preference. This can be contrasted with S4’s
gaze, whereby the same three instruments only accounted for 61% of dwells.
In comparison, S4 was less selective than S1 and looked at the compass (CO)
and vertical speed indicator (VSI) more often than S1, at the expense of his
monitoring levels of ASI and AT.

An interesting contrast can be observed between S2 and S3. S2 does not
look at the OW as often as S3. In fact, S3 looks at the OW most frequently,
relative to the other participants. Instead, S2 demonstrates a gaze preference for
the VSI, especially during the middle of the flight mission from acceleration to
deceleration, when control performance is most vulnerable across all participants
(see Fig. 2).

Looking at instruments versus outside world Control performance in
novice pilots is unlikely to be characterized by the relative distribution between
looking at the instruments and the OW. About 90% of the dwells on instruments
prior to looking at the OW could be accounted for by 8 or fewer dwells in S1’s
flight missions. And in S2, S3 and S4s’ flight missions by 22, 3 and 15 dwells or
fewer.

Instrument scanning Given that a particular instrument is being looked at,
what are the other instruments that will be looked at next? Figure 4 illustrates
these gaze relationships between instruments. Each column indexes an instru-
ment and reflects the number of subsequent dwells on other instruments (rows).

The obvious relationship is that between ASI and AT. For S1, he is equally
likely to look at AT and OW after looking at ASI when ascending and accelerat-
ing. When his control performance decreases during decelerating and descending,
he looks at the OW less frequently and switches gaze primarily between AT and
OW. Notably, S1 treats ASI as the primary reference point in instrument scan-
ning. That is, S1’s gaze consistently returns to this instrument after referencing
AT and OW. Dwells in AT and OW tend to occur after ASI dwells (see column
2 for S1) and, reciprocally, dwells in AT and OW tend to be followed predomi-
nantly by ASI dwells (see columns 4 and 9 for S1).

A similar pattern is observed for S2. Unlike S1, however, S2 either switches
gaze between ASI and AT almost exclusively (ascend, descend) or between ASI,
AT and VSI (accelerate, decelerate). He does not exhibit a primary instrument



Fig. 4. Transition matrix of instrument dwells in grayscale, for the key maneuvers.
Each column is indexed by an instrument. White denotes the maximum number of
subsequent dwells within each matrix.

that he returns to preferentially after referencing other instruments, like ASI in
S1’s case.

S3’s gaze alternates between ASI, AT and OW. Unlike S1, S3 relies on the
OW instead of ASI as the primary reference point. In contrast to both S1 and
S2, S3 demonstrates less turn-taking between ASI and AT. It is also interesting
to note that this reliance on OW as a primary reference point increases when
control performance deteriorates (ie., decelerate, descend).

There is no clear transitional pattern of gaze turn-taking across the instru-
ments for S4. The lack of a consistent gaze strategy could underlie S4’s poor
control performance.

4 Conclusions

The current paper presents a descriptive study that was motivated to demon-
strate and understand the relationship between flight control performance and



gaze behavior. Our findings show that gaze behavior varies with control per-
formance. In particular, participants with better control performance exhibited
gaze behavior that was more selective for key instruments. Our best performer
demonstrated a selective and ranked preference for different visual information,
whilst our second and third performer distributed gaze equally across three dif-
ferent sources of visual information. The worst performer distributed his gaze
across five sources of visual information.

The current findings do not allow us to conclude that selective gaze pat-
terns generate good flight control performance (or vice versa). Nonetheless, we
can recommend training instructions for novice pilots with regards to instru-
ment scanning behavior. This can be expected to yield improvements given that
gaze strategies are easier to be voluntarily controlled by novice pilots than flight
control expertise. Fundamentally, instrument scanning should always be cen-
tered on the instrument that is key to control performance. This means that
eye-movements should ideally return to one key instrument after referencing
secondary sources of information. Distributing gaze evenly and across many in-
struments without such an underlying strategy is ill-advised. Indeed, such in-
structions are provided in formal flight training; the T-arrangement is intended
to encourage such instrument scanning behavior.

The current work was intended to understand how novices without formal
flight instructions would scan instruments. It is interesting to note that they
generally prioritized the airspeed indicator, followed by the altitude indicator.
This suggests that novice pilots intuitively react to changes in their airspeed and
altitude and compensate accordingly. In formal training, pilots are instructed to
treat the attitude indicator as the key instrument, given that it is the rotorcraft’s
attitude that dictates current airspeed and the need to adjust for changes in the
altitude. In this regard, formal training serves the function of training novices
to behave in a more anticipatory and less reactive fashion. This could account
for better control performance and reduced workload.

A principled approach for diagnosing gaze selectivity in trainees could be
useful in determining the skill levels of novices (cf. [1]). In fact, flight instructors
sometimes rely on playbacks of eye-movements to identify inappropriate scanning
strategy in trainee pilots [6]. The current analytical approach is one possible
approach for quantifying gaze selectivity.

Finally, the spatial layout of visual instruments could be designed to encour-
age optimal scanning strategies. First, selective attention to relevant information
could also be encouraged by removing the clutter of non-relevant instruments.
Second, the spatial layout of instruments could emphasize the importance of a
primary instrument by placing it in a central position. This could encourage
users to return to it after referencing other instruments (cf., S1’s scan pattern),
rather than to treat every instrument equally.

Future work should be directed towards identifying effective scanning strate-
gies for different maneuvers and key objectives. In the current work, constant
airspeed and altitude control were emphasized above all other attributes (eg.,
flight path trajectory). It will be useful to determine whether the current prin-



ciples for ideal instrument scanning are generalizable to different flight scenarios
and maneuvers. A general model for ideal instrument scanning would be useful
for training purposes as well as interface design.
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