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Monitoring failures arc widely assumed to be responsible for breakdowns in pilot-
attomation coordination; however, only limited subjective and anecdotal data are
available on the monitoring behavior of flight crews on glass cockpit aircraft. This study
1s the {irst to collect and relate both performance and eye-tracking data from pilots who
flew a challenging scenario in a high-fidelity modern aircraft simulator. Twenty B-747-
400 line pilots were recruited from two major U.S. airlines and were given a one-hour
scenario that was designed specifically to assess pilots’ use and monitoring of the
automation. The findings from this study confirm that pilots experience considerable
difficulties with tracking the status and behavior of the automation on modern glass
cockpit aircraft. They appear to monitor flight mode annunciations to a much lesser
extent and at a more superficial level than intended and expected by designers and
training departments. Possible ways of supporting pilots more effectively through
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improved automation feedback and training are discussed.

INTRODUCTION

The introduction of highly automated systems to
a varicty of complex dynamic domains such as
aviation has been u mixed blessing. It has led 1o an
increased precision and efficiency of operations but
it also involves the risk of breakdowns in the
communication and coordination hetween pilots and
their modern flight deck systems.

There is considerable empirical evidence for
these problems, both from pilot reports, research,
and operational experience, including incidents and
accidents (ec.g., Abbott et al., 1996; Sarter &
Woods, 1992, 1994, 1995, 1997; Sarter, Woods, &
Billings, 1997; Wiener, 1989; Woods & Sarter,
2000), Monitoring failures are widely assumed to be
responsible for breakdowns in pilot-automation
coordination; however, only limited subjective and
anccdotal data are available on the monitoring
bchavior of flight crews on glass cockpit aircraft. It
is not known what monitoring strategies pilots
adopt to track automation behavior, how effective
these strategies are, and under what circumstances
they tend to break down.

The present study was aimed at filling this gap.
It 1s the first study to collect and relate both
performance and eye-tracking data from pilots who
flew a challenging scenario in a high-fidelity
modern aircraft simulator (B-747-400}. Additional
data were gathered in a debriefing to assess pilots’
knowledge and understanding of the autoflight
system components to explain their observed
performance and scanning strategies during the
scenario. The scope of this paper allows us to report
only a small subset of the large amount of data
collected in this study. The focus will be on pilots’
detection and interpretation of uncxpected mode
transitions, which were included in the scenario to
learn more about the reasons why pilots sometimes

miss these events in actual line operations.

METHODS
Subjects

Twenty B-747-400 line pilots (10 Captains, 10
First Officers) were recruited from two major U.S.
airlines. Pilots had between 100 and 3000 hours of
experience on the B-747-400 (mean=2600;
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SD=2100), and they had a minimum of 1000 hours
total of glass cockpit experience. Pilots were not
paid for their voluntary participation.

Procedure

First, each participant signed a consent form and
provided demographic informaton. Pilots were then
bricfed on the purpose of the study as well as the
limitations of the simulator. They were asked to
report any invalid or incorrect indications that they
observed during the flight. Next, they were given a
wrillen clearance, the relevant navigational charts,
and a set of dispatch papers and other flight-related
information. They had as much time as they needed
lo review the documents. When pilots completed
the review, they were taken to the stmulator to be
fitted and calibrated with eye tracking equipment.
The participating pilots took their current crew
position and were joined by a confederate pilot who
reviewed the clearance, flight plan, and flight deck
settings that were entered while the subject was
being briefed. The confederate pilol helped ensure
(hat the scenario cvolved as designed. He performed
his regular pilot not-flying dulies without creating
any problems for the subject but also without being
proactive to help the subject notice or handle
experimenter-induced scenario events. When the
subject was comfortable with the simulater and the
planned flight, there was a final check of the eye
tracker calibration, and the 1-hour scenario was
started. Upon completion of the scenario, the
subject was given a 10-minute break. Subsequently,
the experimenters and confederate pilot reviewed
the scenario with the participating pilot, primarily o
make sure that observer notes were complete and
accurate. After the debriefing, a set of detailed
questions was asked about the functioning and
operation of the autoflight systems in order (o probe
pilots’ knowledge and understanding of the
automation

Apparatus

The study was conducted in a B-747-400 fixed-
base simulator with outside view, which was
created by an Evans & Sutherland ESIG 3350
image generation system. Visual monitoting
measures were made using an ASL series 4000

head-mounted ecye tracker (Applied Science
Laboratory, Waltham, MA). An experimenter
outside of the simulator provided live air traffic
control clearances to the pilots through headsets.

Scenario

lo collaboration with one of the participating
airlines, a scenario was developed that lasted about
one hour from take-off to landing. The scenario was
designed specifically o assess pilots’ use and
monitoring of the automation. It included twelve
challenging autoflight-related events that required a
thorough understanding of the Flight Management
System (FMS). Most of these events consisted of an
air traffic control (ATC) clearance that required the
pilot to invoke the automation in order to comply
with the contreller’s instructions. Another four
events involved experimenter-induced changes to
the flight mode annunciations (FMAs) on the
Primary Flight Display (PFD) (see Figure 1).
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Figure 1. The primary flight display (PFD) of a
B-747-400. The flight mode annunciations
{(FMAs) are shown at the top in three columns
(in hoxes).

These changes were introduced to simulate the
unexpected mode transitions that can occur on
modern flight decks due to system coupling, as a
result of a delayed system responses to pilot
instructions, or as a consequence of input by
another flight crew member. These unexpected
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mode changes are sometimes missed by pilots in
actual line operations — u situation that can lead to a
loss of mode awareness and that involves the
potential for undesirable, or even unsafe, system
behavior. This paper will focus on only these four
cvents, which are directly relevant to maintaining
awarencss of the present and [uture status and
behavior of the automation.

Event 1: Inappropriate pitch mode #1. During
climb, the vertical pitch mode annunciation was
artificially altered on the pnimary flight display
(PFD). With VNAYV engaged on climb, the airplane
pitches to u speed target (not to a path target} to
climb to the cruise altitude, and VNAV SPD is
normally annunciated on the PFD. In this scenario,
however, just after the plane started climbing, the
pitch mode was changed to display VNAYV PTI1, a
mode that exists but would never be active during
this phase of flight. The mode change was made
without using the green outline box that normally
appears around the changing mode indication in
order to assess the extent to which effective
monitoring depends on top-down and bottom-up
processes, i.c., on pilots’ expectatiens about
specific modes and on the attention capture power
of the green box, respectively. The event was
introduced to determine whether pilots notice the
transition and whether they understand that the
displayed automation state is inappropriate under
the given circumstances.

Fovent 2: Revised cruise altitude. When the
airplane reached 31,500 ft. during its climb to cruise
altitude, the pilot received an ATC request to level
off at 33,000 ft. Shortly thereafter, the pilot was told
that 33,000 ft. would be his final cruise altitude.
This clearance required that the pilot re-program the
flight management computer, which had been set
initially to an expected cruise altitude of 35,000 f1.
The event was set up in such a way that the
reprogramming of the automation resulted in the
activation of an inappropriate pitch mode (VNAV
ALT) in which the aircraft would not automatically
commengce the descent phase upon reaching the top-
of-descent point. Again, the question of interest was
whether pilots would notice and understand the
implications of the inappropriate mode setting.

Event 3: Inappropriate pitch mode #2. After the
airplane was established on the VNAYV descent
path, it showed the correct indication (VNAV PTLI)

as the acttve pitch mode. At this point, similar to the
first event, the annunciation was changed by the
experimenter to VNAV SPD, which would never
appear under these conditions in real line
operations.

Event 4: Inappropriate aurothrornie mode. After
the change to VNAYV SPD, while the airplane was
still on the VINAV descent path, the autothrottle
moede annunciation was changed to THR - yet
another and the last inappropriate mode indication
given the actual flight context in this scenario.

RESULTS

The following sections report, for each of the
four described scenano events, whether ptlots
fixated the relevant flight mode annunciation,
noticed that it was inappropriate, and/or understood
its implications for aircraft behavior. Due to
unexpected variations in the scenario, not every
pilot was exposed to each scenario manipulation
(scc Table 1).

Event 1: Inappropriate pitch mode #1

Eighteen subjects experienced the experimenter-
induced pitch mode change. None of those pilots
reported that they had noticed the inappropriate
pitch mode nor did they take any acticn to correct
the situation even though the eye tracking data show
that twelve of them fixated the pitch mode
annunciation at least once during a three-minute
period following the transition.

Event 2: Revised cruise altitude

Sixteen subjects found themselves in the VNAV
ALT mode after the cruise altitude change. Recall
that this would prevent the aircraft from starting its
descent automatically upon reaching the top-of-
descent (TOD) point. Of the nine pilots who fixated
the pitch mode (eye tracking data were missing for
five pilots), only two commented on it. Twelve
pilots failed to intervene and take the necessary
steps to ensure that the aircraft would descend at
TOD. Two pilots attempted to correct the situation
but used an inappropriate technique for doing so.
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Event 3: Inappropriate pitch mode #2

Of the nineteen subjects exposed to this
manipulation, enly one indicated that he had noticed
the unusual pitch mode annunciation. The eye
tracking data show, however, that a total of ten of
the nineteen subjects fixated the pitch mode at least
once during the three-minute period following the
change.

Event 4: Inappropriate autothrottle mode

Of the nineteen subjects who experienced this
scenario event, none of them indicated that he had
observed the unusual antothrottle mode
annunciation. Again, the cye tracking data indicate
that ten of the nineteen subjects fixated the
inappropriate pitch mode indication at lcast once
following the transition.

Fvent N | Fixated | Reported | Intervened
1 - Inappropriatc 18 12 0 0
pilch mode #1
2 - Revised cruise 16 9 2 4
altitude
3 - Inappropriate 19 10 1 0
pitch mode #2
4 - Inappropriate 19 10 0 0
autothroitle mode

Table 1. Summary of findings for the four
scenario events. Shown are the numbers of
subjects that were exposed to each manipulation
(N), as well as how many of those subjects fixated
the relevant indicator, reported an anomaly, and
intervened to correct the anomalous event.

DISCUSSION

The above findings confirm that pilots
experience considerable problems with monitering
the automation on modern glass cockpit aircraft
(e.g., Abbott et al., 1996; Sarter and Woods, 1994,
1997, Wiencr, 1989). Overall, pilots appear to
monitor flight mode annunciations to a much lesser
extent and at a more superficial level than intended
and expected by designers and training departments.
The debriefing data from this study confirm that this
problem 15 related, in part, to gaps and
misconceptions in pilots’ knowledge and
understanding of the aircraft automation (e.g.,

Sarter and Woods, 1997, 2000). These gaps make it
difficult for pilots to form proper expectations of
system status and behavior, which, in turn, represent
the basis for knowledge-driven, timely and effective
attention allocation. Even if pilots looked at the
flight mode annunciations, as indicated by the eye
tracking data, they did not realize when the
indication was not appropriate for the given flight
context. This was true both for the experimenter-
induced mode transitions and for the VNAV ALT
indication at cruise altitude, which was (riggered by
pilot actions.

Our findings suggest a need for both improved
training and design, Pilots’ mental model of the
automation can be improved through a more
exploratory approach to training (e.g., Woods and
Sarter, 2000), which helps avoid the creation of
inert knowledge, i.e., knowledge that is not
activated in the proper context. More complete and
accurate context-conditioned knowledge about the
automation can be expected to contribute to morc
effective attention allocation and an increased depth
of processing of the observed indications.

At the same time, pilots’ monitoring
perlormance could be enhanced through a more
adequate system image and the design of more
effective automation feedback. In particular,
changes in the automation status and behavior need
to be highlighted in more effective ways to capture
pilots® attention more reliably. In this context, it is
interesting to note that pilets did not only miss most
of the experimenter-induced mode transitions
without the green outline box. The eye-tracking data
show that they also fixated only about half of the
other mode changes that were accompanied by the
onset of a green outline box. This failure to capture
attention can be explained, to a large cxtent, by the
fact that current flight mode annunciations (and,
with them, the green box) are embedded in the
context of the highly dynamic and data-rich Primary

Flight Display (e.g., Nikolic, Orr, and Sarter, 2001).

Finally, effective visualizations of current and
future aircraft and automation behavior, especially
with respect to vertical navigation and thrust
management, are needed. The map display on
current flight decks illustrates how such an
approach can aid pilots in keeping track of the
intentions and actions of the automation.
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