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In order to examine differences in flying expertise, 12 novice and 12
expert pilots flew a 7-segment simulation pattern under specific atten-
tional constraints while cockpit instrument visual scan was recorded.
Flight segments involved various combinations of maneuvering of head-
ing, altitude and airspeed. Expert pilots performed better than novices
on vertical and longitudinal, but not lateral control. They accomplished
their superior vertical tracking by allocating more control resources to
the vertical control. Analyses of scanning strategies revealed that experts:
a) had shorter dwells and more frequent visits to most instruments; b)
adapted their visiting strategy more flexibly in response to changing task
demands; ¢) demonstrated a better mental model of cross-coupling and
predictive relations between and within axes; and d) showed more fre-
quent checking of axes whose values remained constant. The data is
discussed in terms of their implications in pilot cockpit scan training
program development.

THIS STUDY ADDRESSES how novice pilots differ
from experienced pilots in attention control, as the
latter is measured by visual scanning and control re-
sponse velocity. If such differences can be carefully iden-
tified and reliably measured, then training strategies can
be formulated to accelerate the development of effective
attention control for the novice pilot and thus, ideally,
accelerate the development of expertise. In order to pro-
vide background for the experiment reported here, we
review literature bearing on the intersections of four
areas; attention control, visual scanning, expertise, and
aviation, progressing toward an identification of the spe-
cific context for the experiment that we describe.

Attention control: Attention control and attentional
flexibility have been identified as critical components of
human performance in the operation of high risk dy-
namic systems (15), like flying an aircraft (18), monitor-
ing a complex industrial process plant (26), supervising
aircraft in air traffic control (34,35), or driving a ground
vehicle (15,27). Numerous aircraft accidents, for example,
have been attributed to “neglect”” of the monitoring of
altitude or other attributes of aircraft orientation (37,44),
a type of behavior that might be characterized by “rigid”
(7), in contrast to “flexible”” attention allocation.

In particular, the research of Gopher and his colleagues
has concluded that measures of the speed of attention
switching, assessed in a dichotic listening task, predict
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both the success (13,18), and failure (i.e., accidents; 22)
of vehicular control both in the air and on the ground.
Gopher’s research has also revealed that training people
to flexibly allocate their attention between different tasks
provides positive transfer to overall dual-task perfor-
mance, when such flexibility is not explicitly required,
but is implicitly imposed by changes in the difficulty of
one or the other of two time shared tasks (19); i.e., high
difficulty tasks demand more attention.

Expressed within an information processing frame-
work, attention control can be broken down into its per-
ception (what channels to select), and response (what
actions to perform) components. For visual tasks, in a
naturalistic environment, perceptual selection is closely
associated with, and typically measured by, visual scan-
ning behavior. For tasks involving continuous actions
(e.g., the tracking tasks found in many vehicular control
environments), gradations of attention can be measured
by the open loop gain or power of the response (38,43),
a measure that closely correlates with mean control ve-
locity. Hence, in a dual-axis tracking task, emphasis on
one axis over the other will produce a reduction in error,
and an increase in mean control velocity on the favored
axis (12).

Aviation and attention control: Researchers have exam-
ined both control behavior and visual scanning in the
cockpit, or in other simulated aviation environments.
With regard to control behavior, a handful of researchers
have modeled the allocation of attention toward favored
axes of flight path control, in terms of increases in gain,
or reductions of noise variance associated with task-rele-
vant variance in control position (3,5).

Considerably more research has examined the role of
visual scanning as an index of attention allocation in the
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Fig. 1. Schematic representation of the causal influences in flight
dynamics which underlie variation in flight instrument readings. The
solid thin lines represent sources of influence within a primary flight
axis (lateral, vertical, longitudinal). The dashed lines represent cross-
coupling influence between axes.

cockpit, an association which is easy to make for three
reasons: a) because of the clearly defined, and spatially
separated flight instruments that invite feasible scanning
measurement; b) because differences in the dynamic band-
width of information revealed by instrument fluctuation
make instrument scanning amenable to supervisory sam-
pling models of optimal scan patterns (4,25,31) and c)
because of the clearly evident consequences of the break-
downs in attention control—here the failure to attend to
critical instruments, such as the altimeter at low flight
levels.

Visual scanning may be assumed to be driven by a
mental model of the process whose elements are being
displayed (25). The expert pilot’s mental model of flight
dynamics, which drives the scan across the instrument
panel, is complex, reflecting the complexity of the dy-
namics themselves. These dynamics are shown schemati-
cally in Fig. 1, which depicts the three primary flight
controls, the six degrees of freedom of aircraft movement
(3 of rotation, 3 of translation; although the lateral trans-
lation axis is controlled via heading change), and the six
critical flight instruments (in visual flight) which are the
destination of the visual scan.

As any pilot well knows, three features make the flight
dynamics particularly challenging. First, attention is lim-
ited and therefore to some extent the pilot must trade
off the allocation of resources between the three primary
tasks or axes of control (longitudinal, lateral, vertical).
The appropriate allocation of resources to axes that re-
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quire positive control (because they are changing) while
not altogether neglecting those that must be monitored
(so they do not diverge from target values) requires a
high skill of attentional flexibility (15). Second, all three
axes are somewhat sluggish, defining second and (in the
case of lateral deviations), third order systems. This im-
poses a need for consulting predictive indicators; for ex-
ample, the vertical speed indicator is predictive of alti-
tude changes. Third, dynamics are interactive in complex
ways, as indicated by the thin arrows in Fig. 1. For exam-
ple, increases in bank causes a pitch downward leading
to a loss of altitude and, as a consequence, a gain in
airspeed.

All of the features described above should be reflected
by the scan of the well-trained pilot. Analysis of this scan
behavior can provide information both regarding where
the pilot looks, and also how long the pilot fixates or
dwells on a particular instrument from which informa-
tion is being extracted.

The seminal work of Fitts, Jones, and Milton, (11) and
Jones, Milton, and Fitts (21) laid the groundwork for
subsequent aircraft instrument scanning research.
Among several other findings, these investigators ob-
served that the most important (most visited) instrument
was the attitude directional indicator (ADI). The cause
of such importance can be attributable to four character-
istics: a) the ADI has the highest bandwidth (31); b) it is
important because changes in pitch or roll are necessary
to carry out changes in lateral and vertical deviation; c)
it is important because excessive pitch or roll can lead
to an aircraft stall; and d) the ADI is the only instrument
that combines two attributes of information in a single
object (the vertical displacement, and angular orientation
of the artificial horizon). Fitts and his colleagues also
established that dwells on the ADI tend to be longer (and
more variable) than on other instruments (see also 21).
Further studies of pilot instrument scanning by Car-
bonnell et al. (4), Hameluck (20), Harris and Christhilf
(21), and Tole et al. (36) have all served to refine a model
of instrument scanning based upon the pilot’s assumed
mental model of the underlying flight dynamics in a way
that is consistent with the representation in Fig. 1. That
is, more important instruments are fixated more often,
and the correlation between axes (and therefore instru-
ments) dictates certain patterns of contingencies or link-
ages between scans to pairs of instruments (see also ref.
33 for similar analyses of scanning in an air traffic control
setting).

In spite of the substantial number of studies examining
scanning and expertise in other skilled domains such as
driving (27), radiology (24), or athletic performance (1),
only a few investigations have hinted at scanning differ-
ences related to pilot expertise. Fitts et al. (11) noted that
more experienced pilots tended to make shorter dwells.
DeMaio and his colleagues (8,9) examined pilots” ability
to note deviant readings of statistically presented indica-
tors, and found that experts could do so more rapidly
than novices as if they could either process more infor-
mation from a single glance, or could sequentially direct
their scan path more rapidly to the deviant indicator.
Tole et al. (36) measured instrument scanning behavior
of low and high time pilots at lower and higher levels
of workload. They found that experts tended to fixate
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the ADI more frequently and with shorter dwells than
did novices at low workload. Increases in workload
brought about an increase in ADI fixation for novices (at
the expense of other instruments), while experts did not
adjust their scan strategy as much, when workload was
increased. Finally, Spady and Harris (32) noted that low
time pilots tended to have a more predictable scan pat-
tern across instruments than did high time pilots, as if the
former were driven by a more rigid open loop schema,
whereas the expert’s scanning was more flexible, dictated
by the dynamically changing state of the aircraft.

A limitation of many of the studies reported above is
that they were based upon a very small sample size;
hence statistically reliable indices of scanning behavior
were difficult to infer. An experiment which provided
the foundation for that described here was carried out
by Kramer et al. (23) and used a larger sample size. Two
groups of pilots, students and flight instructors, flew a
series of simulated maneuvers using the instrument
flight simulator depicted in Fig. 2. The maneuvers varied
in the extent to which they required lateral, vertical and
longitudinal (i.e., airspeed) change, and scan patterns
were measured. A large number of measures were ex-
tracted, and generally revealed that students tended to
dwell longer on all instruments, and in particular, visited
the ADI more frequently than did the flight instructors,
while the latter maintained a more evenly distributed
scan pattern across all instruments. However, analysis
of the performance data revealed that differences be-
tween the two groups were attenuated because many of
the “expert” flight instructors did not substantially differ
from the novices in their flight path tracking perfor-
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mance, in part because many in the former group were
not “current” in their flying proficiency. Another diffi-
culty in interpreting the data resulted because there was
considerable variation between pilots in terms of when
they initiated each maneuver (turn, climb, etc.). This vari-
ance turned out to make precise scoring of the maneu-
vers somewhat difficult to achieve.

The current study: The purpose of the current study is
to build upon the simulation paradigm developed by
Kramer et al,, in order to examine how differences in
flight expertise are reflected in attentional strategies, as
the latter are revealed by differences in scanning and
control power. Because the study of attentional flexibility
requires experimental manipulation of the demand or
priority of different tasks and information sources, we
chose to implement such a manipulation in three ways:
a) natural variations in the bandwidth of the different
instruments provide an implicit manipulation of instru-
ment importance (31); b) because the mission segments
varied in terms of whether the parameters on each axis
of the three axes were to be maintained at a constant
value (easier) or varied along a commanded trajectory
(more difficult), a second implicit manipulation of prior-
ity was imposed and varying axes (along which a change
is requested) were assumed to demand more attention;
c) across blocks, we explicitly varied the priority of lateral
vs vertical control (16,28). This variable turned out to
have little influence on performance or scan measures,
and will not be discussed further (see ref. 42 for details).

We assumed that expertise would lead to better perfor-
mance, in terms of smaller deviations from the flight
path. In addition, we predicted that expertise would re-
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veal greater responsiveness to demand changes, as re-
flected by the flexibility of scanning and/or control mea-
sures, although there was no apparent basis for pre-
dicting that expertise differences would be manifest
more in one measure than the other. Our review also
suggested that expertise would lead to the development
of a more refined mental model that would reveal greater
sensitivity to cross-coupling between axes, and to pre-
dictive elements or leading indicator instruments within
an axis. The more refined mental model should provide
a basis for information-guided scanning, reflected in at-
tention flexibility. Finally, we assumed that greater ex-
pertise would lead to greater efficiency in information
extraction, and hence, to shorter dwell durations, partic-
ularly on those instruments of greater complexity. With
greater efficiency of extracting information from any sin-
gle source, there should be more reserve capacity or free
time available for the expert to sample other sources.

METHODS
Participants

Participants consisted of 24 pilots (20 male and 4 fe-
male; age range 18-26 yr) involved in the private pilot
flight curriculum at the University of Illinois Institute of
Aviation. As a function of pre-test questionnaire data
obtained from each participant, the pilots were assigned
to one of two experimental groups based on level of
expertise—12 student pilots with a mean of 1 h instru-
ment flight time (novices) and 12 flight instructors with
a mean of 80 h instrument flight time (experts).

Equipment and Data Collection Requirements

Flight simulator: The simulation employed software de-
signed specifically for the study. It was designed to recre-
ate the flight dynamics of a Beach Sport (Sundowner)
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Fig. 3. Mission profile for simulated
7-segment flight (23).

aircraft; using first-order equations and tuned to cruise
flight only. The aircraft instrument panel and all appro-
priate data were generated and displayed using a Gate-
way computer (Model 4DX2-66V, Gateway 2000, N.
Sioux City, SD) with a SVGA graphics card (Fig. 2). A
Mitsubishi color 19-in monitor (Model HL6905ATK) dis-
played the instrument panel, standard primary instru-
ments, and instructions. The display subtended a visual
angle of 29° horizontally and 22.5° vertically with a view-
ing distance of 66 cm. The instruments were 6° in diame-
ter with a minimum separation of 2.2°. All control inputs
were made via a right sidearm-mounted joystick. Roll
and pitch were controlled by lateral and fore-aft stick
movements. A button atop the stick controlled aircraft
power and there was a trim knob at the base of the stick.
Stick inputs were sampled at 5 Hz.

Head-mounted eye/head tracker: Eye scan measures were
made using an ASL series 4000 head-mounted eye
tracker (Model 4100H, Applied Sciences Laboratory,
Waltham, MA). The sampling and output rate of the
tracking camera was 60 Hz.

Procedures

Prior to commencing the study, all subjects completed
a questionnaire regarding their flight experience (hours,
aircraft type flown, currency, etc.). Each participant was
then given a standardized briefing regarding the flight
task and maneuvers to be completed. Cockpit panel in-
strumentation (displayed on the CRT in front of the par-
ticipant) was described (Fig. 2). Following the brief, the
eye tracking apparatus was placed on the participant’s
head, and eye location calibrated. Once done, the experi-
mental session began.

The mission profile used in the current study was iden-
tical to that used by Kramer et al. (23) and is illustrated
in Fig. 3. Each flight was broken down into 14 segments.

Aviation, Space, and Environmental Medicine « Vol. 68, No. 7 « July 1997



PILOT VISUAL SCANNING—BELLENKES ET AL.

All odd-numbered segments involved straight and level
lead-in legs holding the altitude, heading, and airspeed
from the finish of the previous leg. Every even-numbered
segment (a maneuver segment) required at least one
change to the speed, heading or altitude during the ma-
neuver. The change(s) for each segment, were stipulated
in an instruction box displayed on the instrument panel
and could be accomplished within 60 s in the first five
maneuver segments, and within 75 s in the last two. As
shown in Fig. 3, maneuver segments 2, 4, and 6 required
only one axis to be changed. Segments 8, 10, and 12
required two axes to be changed, and segment 14 re-
quired changes on all three axes.

At the beginning of each segment, the experimenter
provided each participant with a 5-s verbal countdown
prior to the start of maneuver. If executed correctly and
within the allotted time, the end of each maneuver placed
the participant at the lead-in leg of the next maneuver.
If a maneuver was not completed within the allotted
time, the program reset the pilot to the lead-in leg for
the next maneuver. The time required to complete the
full simulated mission (all eight segments) was approxi-
mately 13 min.

Each pilot flew four consecutive missions in a single
session totaling approximately 1.5 h. The first mission
was a practice session which was used to acquaint the
pilot with the mission profile and use of the eye tracker.
In order to ensure optimal performance throughout prac-
tice sessions, the experimenter provided each pilot with
feedback as necessary (i.e., “watch your heading” or
“watch your altitude”’). The subsequent three data collec-
tion runs varied in the emphasis placed on lateral vs
vertical flight path control, but this manipulation will
not be discussed in the current report. Visual scan and
tracking performance data were recorded, and stored for
later analysis.

Analysis framework: Our analyses are based upon the
idea that the pilot allocates attention to tasks at a global
level (altitude, lateral and longitudinal control), and
adopts specific scanning and control activities to accom-
plish those tasks. Our approach suggests that evidence
for attention to lateral control is provided by fixations
on the following instruments (Fig. 2); a) the Attitude-
Directional Indicator (ADI) which presents pitch and roll
information, the leading indicators for control of both
the vertical and lateral axes; b) the Directional Gyro (DG);
and ¢) the Turn Coordinator (TC), and any active manip-
ulations of control on the X axis control (ailerons). Atten-
tion to the vertical axis is evidenced by fixations on the
ADI, the Altimeter (Alt), the Vertical Velocity Indicator
(VVI) which indicates the rate of ascent or descent, and
active manipulations of control on the Y axis (elevators).
Attention to the longitudinal control is evidenced by fix-
ations on the Airspeed Indicator (ASI) and, to a lesser
extent, on the Altimeter and the VVI, and by throttle
control.

We examined the data for two general kinds of effects:
a) tracking performance on the three primary axes; and
b) strategic behavior, which can be partitioned into that
related to scanning (visit frequency and dwell duration)
and to manual control behavior.

Performance data were digitized and analyses carried out
for each of the seven flight segments to examine group dif-
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Fig. 4. Vertical axis (altitude) control performance.

ferences and data trends. The effects of pilot expertise were
assessed by measuring three categories of dependent vari-
ables: a) performance measures—RMS error for airspeed,
altitude, and heading; b) scan measures—the number of
visits and mean dwell time on each of the 6 instruments;
and ¢) elevator and aileron control velocity. A 2 X 3 X 7
(expertise X emphasis level X segment) repeated mixed de-
sign analysis of variance was conducted on each dependent
variable to ascertain the experimental effects of the three
independent variables.

RESULTS
Flight Path Tracking Performance

RMS heading error (lateral axis): Participants were re-
quired to maintain heading to within +5° of the criterion
heading value (as per Fig. 3). The data reveals a highly
significant effect of segment (F(6,132) = 54.58; p < 0.001).
Both novices and experts showed similar performance
patterns in that RMS error was highest during those seg-
ments (2,6,10,12,14) where a change in heading was re-
quired. The data indicated a lack of a significant expertise
effect (F(1,22) = 1.06; p < 0.10).

RMS altitude (vertical axis): Participants were required
to maintain altitude to within *50 ft of the criterion alti-
tude (as per Fig. 3). Fig. 4 illustrates altitude tracking
performance of novices and experts over segments. The
ANOVA revealed a highly significant effect of both seg-
ment (F(6,132) = 43.80; p < 0.001) and expertise (F(1,22)
= 26.01; p < 0.001). There was a general tendency for
performance to suffer as the flight progressed from seg-
ments 2 through 12. RMS error for both groups improved
slightly in segment 14, and experts performed better than
novices. The data also suggest a significant segment X
expertise effect (F(6,132) = 2.44; p < 0.03) as can be seen
in the figure. The advantage of experts over novices was
greatest in the two most difficult segments (12 and 14),
a difficulty resulting from the pilot’s need to simultane-
ously change values on the two higher order, interacting
axes—lateral and vertical.

RMS airspeed error (longitudinal axis): The pilot’s ability
to maintain airspeed to within +5 knots of criterion air-
speed (as per Fig. 3) is illustrated in Fig. 5. As with the
other performance measures, there was a highly signifi-
cant effect of segment (F(6,132) = 24.2; p < 0.001). As
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heading changes were made (segments 4, 8, 12, 14), RMS
tended to increase, relative to the segments when no
heading changes occurred (2,6, and 10). There was like-
wise a highly significant difference between expertise
levels (F(1,22) = 19.54; p < 0.002) with novices having
a consistently higher RMS error. Novices particularly
showed significantly greater performance decrements
than experts during those segments requiring heading
changes (4,8,12,14), thereby leading to a significant seg-
ment X expertise interaction (F(6,132) = 5.98; p < 0.001).

Control input velocity: The absolute control input velocities
for both the aileron (horizontal) and elevator (vertical) axes
were analyzed across segments for each expertise group.
The analysis of aileron velocity revealed a significant effect
of segment (F(6,132) = 5.79; p < 0.03), and suggests that
there was higher velocity lateral control on those segments
during which heading was changing.

Elevator (Y-axis) control velocity data similarly re-
vealed a significant segment effect (F(6,132) = 4.14; p <
0.008). There was lower elevator control velocity for both
groups on those segments where only airspeed or alti-
tude were changing (2 and 6). Elevator control velocity
increased for both groups in segments where pilots were
required to change more than a single flight parameter
(8,10,12,14). The data suggested a marginally significant
expertise effect (F(1,22) = 2.96; p < 0.1) wherein experts
input higher vertical velocities than did novices.

Visual Scan Performance

In order to assess the cockpit visual scan pattern, an
analysis was made of the number of visits and duration
of dwells (in seconds) on each of the cockpit instruments.
In the following, we examine these processing effects on
the three different control axes in turn, by focusing on
the scanning data for the flight instruments:

Lateral (Heading)— Directional Gyro (DG), Turn Co-
ordinator (TC), and Attitude Directional Indicator
(ADI).

Vertical (Altitude)— Altimeter (ALT), Vertical Veloc-
ity Indicator (VVI), and ADI.
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Longitudinal (Airspeed)—Airspeed Indicator (Al)
and VVL

The results for each instrument are described below.

Directional Gyro (DG)—The Primary Heading Indicator

Number of visits: The number of visits to the DG is
illustrated in Fig. 6. Experts visited the DG significantly
more often than did novices (F(1,22) = 10.2; p < 0.004).
Analysis of the data also showed a significant effect of
segment (F(6,132) = 13.41; p < 0.001) as well as a signifi-
cant segment X expertise interaction (F(6,132) = 4.64; p
< 0.005). Experts made the greatest number of visits to
the DG during those segments in which altitude was
changing (6,10,12,14) while novices visited most often
during those segments in which heading was changing
(4,8,12,14). This effect for novices was particularly pro-
nounced during segments 12 and 14 where both heading
and altitude were changing.

Duwell durations: There were significant effects of seg-
ment (F(6,132) = 3.18; p < 0.006) and expertise (F(1,22)
= 13.22; p < 0.002). The novices had consistently longer
dwell times than did the experts; the latter dwelling an
average of approximately 100 ms shorter on the DG.

Attitude Directional Indicator (ADI)

Number of visits: The data reveal a highly significant
segment main effect (F(6,132) = 46.55; p < 0.001) for the
number of visits to the ADI. The greatest number of visits
(for both groups of pilots) occurred during segments 12
and 14, the two segments during which both altitude
and heading were changing. Unlike most of the other
instruments, there was no significant expertise effect on
ADI visits (F(1,22) < 1).

Dwell durations: The data in Fig. 7 clearly show that
novices consistently spent significantly longer dwelling
on the ADI than experts (F(1,22) = 14.55; p < 0.001), a
difference of approximately 400 ms. There was also a
significant effect of segment (F(6,132) = 3.05; p < 0.01),
with the longest dwells on those two segments (12 and
14) during which heading was changed.
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Fig. 6. The average number of visits to the directional gyro.
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Turn Coordinator (TC)

Number of visits: The data reveal a significant effect of
segment (F(6,132) = 17.11; p < 0.001) on TC visits which
mimicked that observed on visits to the DG; that is, visits
to the TC were more frequent on turning segments
(4,8,12,14). The data also revealed a lack of a significant
effects of pilot expertise.

Dwell durations: As with the number of visits to the
TC, the dwell durations on the TC were longest during
those segments during which changes of heading were
required (F(6,132) = 66.67; p < 0.001). The dwell data
revealed a significant expertise effect wherein novices
consistently dwelled longer than did experts (F(1,22) =
11.51; p < 0.002).

Altimeter (Alt)

Number of visits: As can be seen in Fig. 8, expert pilots
visited the altimeter significantly more frequently than
did the novices (F(1,22) = 13.85; p < 0.001). The data
also revealed significant effects of segment (F(6,132) =
7.44; p < 0.001), and a significant expertise X segment
interaction (F(6,132) = 3.33; p < 0.004). The latter sug-
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Fig. 8. The average number of visits to the altimeter.
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Fig. 9. The average number of visits to the vertical velocity indicator.

gested that the expert’s tendency to visit the altimeter
more frequently was greatest on those segments (2, 4,
and 8) during which altitude was not changing.

Dwell durations: There was a significant effect of seg-
ment on dwell duration for both groups (F(6,132) = 6.65;
p < 0.001). Pilots dwelled the longest on the altimeter
during those segments where heading was changing, ei-
ther alone or with one other parameter (4,8,12). Novices
tended to dwell longer on the altimeter than did experts
(F(1,22) = 4.27; p < 0.05).

Vertical Velocity Indicator (VVI)

Number of visits: Fig. 9 reveals a marginally significant
effect of expertise (F(1,22) = 2.48; p < 0.1) with experts
in general visiting the VVI more often than novices. The
data also indicate a significant effect of segment (F(6,132)
= 44.02; p < 0.001) wherein pilots most often visited the
VVI during those segments when altitude was changing.
A significant segment X expertise interaction (F(1,22) =
11.53; p < 0.001) indicated that novices maintained a
fairly constant number of visits during the last three seg-
ments (altitude changes in each), whereas experts
showed a disproportionately higher number of visits
during the two segments in which both altitude and
heading were simultaneously changing.

Dwell duration: As with all of the other instruments,
novices dwelled significantly longer on the VVI than did
the experts (F(1,22) = 7.63; p < 0.01). The data also show
that there is a significant effect of segment (F(6,132) =
20.54; p < 0.001) whereby pilots dwelled longest on the
VVI during those segments where altitude was changing.

Airspeed Indicator (ASI)

Number of visits: Fig. 10 shows that as with most other
instruments, experts visited the ASI significantly more
frequently than did novices (F(1,22) = 9.27; p < 0.01).
There was also a significant effect of segment (F(6,132)
= 9.39; p < 0.001) with the highest number of visits
occurring during those segments where altitude was
changing, either alone or in conjunction with other pa-
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Fig. 10. The average number of visits to the airspeed indicator.

rameters (6,10,12,14). A significant 2-way segment X ex-
pertise interaction (F(6,132) = 3.12; p < 0.01) revealed
that the more frequent pilot sampling of the ASI was
particularly evident in the two most difficult segments,
when heading and altitude were both changing, an effect
similar to that seen with the VVL

Dwell durations: The experimental variables exerted no
significant effects on the duration of dwells on the air-
speed indicator.

DISCUSSION

The data from the experiment are complex and multi-
faceted. Nevertheless, some important trends emerged
that illuminate the relationship between attention and
flight expertise.

Performance Analysis

With regard to the performance data, the results re-
vealed that novices tracked the lateral axis as well as
did experts, both groups showing greater error when
changes were made on that axis. However, novices suf-
fered in tracking accuracy relative to experts in both ver-
tical (Fig. 4) and longitudinal (airspeed) control, and
were particularly vulnerable in certain segments; for ver-
tical control these were the two most difficult dual axis
segments (12 and 14), and for longitudinal control these
were on segments when heading changes were made.

These performance results may be well explained in
the context of resource theory (6,30,40,43). Pilots in both
groups supplied sufficient resources to the lateral axis in
order to maintain heading parameters within the same
acceptable bounds. However, the greater resource de-
mands of this task for the less skilled novices left fewer
resources available for them to allocate to the axes of
apparently lower priority: the vertical (altitude) and lon-
gitudinal (airspeed) axes. Hence, error along these axes
showed a clear novice cost. For the vertical axis, this
cost was amplified still further during the most difficult,
resource demanding segments (12 and 14), in which both
lateral and vertical maneuvers were required concur-
rently. For airspeed tracking, the novice cost was born

" most severely on those segments during which heading
was being changed.
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For airspeed tracking, this pattern of effects is an in-
triguing one which will have parallels in our analysis of
scanning data below; novices do as well as experts, or
come closer to expert performance on controlling a vari-
able that is changing (i.e., the changing airspeed seg-
ments 2, 8, 10, and 14). Where novices seem to fall partic-
ularly short is on maintaining, or stabilizing, a variable
that is to be held constant. We say then that experts do
a better job of “minding the store,” when the “action”
(i.e., a changing parameter) is elsewhere. We will see this
effect revealed in the scan measures.

Why the lateral tracking task is treated as ““primary”’
by the novices, and not allowed to suffer (relative to the
experts), is not entirely clear. One plausible hypothesis
is that, in normal flight, lateral tracking of the deviation
from a flight path is an example of a third-order tracking
task.* This is the task of matching the curved flight path
with the curved ideal on the map, depicted in Fig. 2 and
3. In contrast, tracking of altitude is second order, and
tracking of airspeed is first order. It is well established
that higher order tracking tasks are more difficult (17,39),
and hence, may intrinsically demand a greater allocation
of resources (i.e., be treated as the “primary task” in a
dual-task situation).

Control Analysis

The measure of control velocity was used to infer the
amount of control effort allocated to an axis (43). Here
the pattern of results are consistent with the overall per-
formance effects. First, the amount of lateral control ef-
fort was equivalent across the two groups, as was head-
ing error toward which this effort was directed. Second,
control effort increased on turn segments, and so did
error. Thus, we can infer that experts apparently
achieved their more accurate vertical tracking, in part,
by allocating more control effort to the vertical axis.
However, the added expertise benefit observed in the
difficult combined lateral and vertical segments (seg-
ments 12 and 14) cannot apparently be attributed to dif-
ferences in control effort, since this particular interaction
did not appear in the vertical control velocity data. The
expert benefit for those two segments must instead relate
to differences in scanning, to which we now turn. These
scanning data provide further insights into differences
in strategy between novices and experts.

Scanning Analysis

The most noticeable trend in the scanning data is the
observation that experts universally tended to visit in-
struments more frequently, while novices tended to
dwell for a longer time on each, a pattern of behavior that
has been observed previously in scanning data (11,23,34),
and also in data on the frequency of aviator task switch-
ing (29). More interesting still is how the pattern of nov-
ice-expert differences in instrument visits informs us as
to the strategic differences between the two groups in
their control of the three axes.

* The order of a tracking task is formally defined by the number of
time integrations between control input and system response. Higher
order dynamics are more sluggish, and hence, require greater predic-
tion and mental workload to control.
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While both experts and novices attained the same pat-
tern of lateral error and control, the patterns of fixations
on the most important (and most visited) of the two
lateral instruments, the compass or DG was significantly
different between the two groups. Experts not only vis-
ited the DG more frequently (Fig. 6), but they also tended
to do so particularly and specifically on those segments
during which heading was not maneuvered. Hence, this
is another direct example of better “minding the store.”

While this particular attention allocation strategy did
not directly benefit the experts in their lateral tracking
accuracy, it was presumably an adaptive one that en-
abled more resources to be freed for dealing with infor-
mation on the vertical and longitudinal axes and contrib-
uted to the expert’s improved performance on these axes.
To understand this improvement, we consider the scan-
ning data from the viewpoint of three alternative charac-
teristics that have in the past been used to characterize
“expertise’””: automaticity, mental model development,
and attentional flexibility.

Automaticity: It is reasonable to assume that experts
are simply better pilots than novices, and can extract
the necessary information more efficiently. Accordingly,
they should show an across-the-board improvement in
all aspects of flying, but particularly those that are most
difficult. In this regard the most directly supporting evi-
dence is provided by the shorter dwell time of the ex-
perts. Information is extracted more efficiently by experts
from nearly all instruments, and particularly from the
most information-rich instrument, the ADI (Fig. 7). The
more rapid extraction of information from the ADI leaves
experts with considerably more free time or residual ca-
pacity to sample other instruments on the display.

However, a general improvement in information ex-
traction efficiency does not fully account for all aspects
of novice-expert differences revealed by the data, since
the improvement in performance was, as we noted, selec-
tively targeted to the vertical and longitudinal axes, but
not to the lateral axis. Had experts simply become more
automated at all aspects of flight, we would have antici-
pated equal improvements in tracking performance on
all three axes. Other aspects of expertise then appear
to be revealed in the mental model, and in attentional
flexibility.

Mental model development: The pattern of scanning on
the vertical and longitudinal axis instruments suggests
that there are more subtle differences that reflect greater
expert understanding of the contingencies within and
between axes (i.e., cross-coupling). This we define as
characterizing a more refined mental model of the flight
dynamics and it is manifest in three aspects of the scan-
ning data.

First, experts visit the VVI more frequently than nov-
ices (Fig. 9), but do so particularly on segments when
altitude is changed, in a way that suggests that experts
are better tuned to this leading indicator of altitude
change. The more frequent expert visits are amplified
still further on those two segments (12 and 14) when
altitude and heading are both changed, indicating that
experts are more aware of the pronounced cross-cou-
pling between these two axes, whereby a bank will lead
to a loss of altitude, and that loss can be predicted by an
early glance at the VVI (see Fig. 1).
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Second, the more frequent visits to the altimeter by
the experts (Fig. 8) were particularly enhanced when one
of the other parameters (heading or airspeed) was chang-
ing; a change that would produce cross-coupling effects
on altitude. A more refined mental model that incorpo-
rated that cross-coupling should trigger the more fre-
quent visits.

Third, the more frequent expert visits to the airspeed
indicator (Fig. 10) were also amplified on those segments
in which altitude was changed, again reflecting the
greater knowledge of the cross-coupling between the
vertical and longitudinal axes, an increased awareness
that altitude changes would lead to unwanted airspeed
changes.

Finally, we can draw further evidence regarding the
role of mental models by noting that more frequent ex-
pert visits were not observed to the ADI, that instrument
whose change is not directly caused by variations re-
flected in changes in other instruments. That is, while
the ADI is information rich and of high priority, its be-
havior is fairly straightforward, and most of its variance
is directly coupled to control stick activity. Hence, a so-
phisticated model of cross-coupling is not needed to un-
derstand its variance. Instead, both groups equally vis-
ited the ADI more frequently than any other instrument
(11,21), and did so particularly on the two segments (12
and 14) when both the pitch and roll dimensions of the
ADI were conveying information about changing axes
(Fig. 7).

Attentional flexibility: As we have noted, the above re-
sults also reflect a pattern of scanning whereby experts
are more likely than novices to visit an instrument that
reflects information on the non-changing axis in a ma-
neuver. We have referred to this pattern as that of “mind-
ing the store.” By itself, this pattern says little about
attentional flexibility, since such a pattern could be re-
vealed if the experts simply maintained a rigid scan pat-
tern across all segments, and failed to diminish their visit
frequency when an axis was not changed. We will argue
below, however, that this interpretation is unlikely.

The “minding the store’” pattern can also be interpre-
ted as reflecting the fact that experts simply had more
spare time available away from the ADI, given their
greater efficiency in extracting information from that
complex instrument. Indeed an estimate of the total time
spent looking at the ADI (mean dwell X # visits), reveals
that the experts had approximately 24 additional seconds
(than novices) during segments 2—10, and 32 additional
seconds during segments 12 and 14 to scan other instru-
ments (the latter two segments took about 15 s longer to
complete). Hence, one could argue that the experts had
more time to sample all other instruments, those de-
picting a changing axis and those depicting a constant
one.

However, as we noted, the differential allocation of
this spare scanning capacity (away from the ADI) was
not consistent across instruments and segments for the
experts, but varied in a way that suggested experts to
be more flexible from segment to segment in how they
allocated their attention. This flexibility was revealed in
three ways. First, the amount of variance, across seg-
ments in instrument visits was much greater in experts
than novices for three of the instruments. For the altime-
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ter, the experts showed 60% more variance, while for the
airspeed indicator and VVI expert variance was 4 times
and 6 times that of novices, respectively. These figures
indicate greater expert modulation of fixations, as the
relative demands on the three axes were changed.

Secondly, as we have noted above, the particular pat-
tern of differential scanning is one that reveals expert
scanning to be more driven by a mental model of the
cross-coupling of elements, a model that dictates differ-
ential viewing, when the axis demands change. Here, for
example, we saw the more frequent expert visits on the
VVI on those segments in which altitude and heading
were simultaneously changing, but more frequent visits
to the altimeter on those segments during which heading
and airspeed were changing. Novices, in contrast, did
not flexibly modulate their scan strategy in this manner.

Finally, a Markov analysis of sequential scanning be-
havior reflecting the consistency of sequential scans
within a segment was carried out. The analysis revealed
that the experts demonstrated a less homogeneous scan
pattern, particularly on those two most difficult seg-
ments, 12 and 14, which required the greatest degree of
expertise (F(6,132) = 2.82; p < 0.04).

In this regard the data are consistent with the general
pattern of effects that Gopher and his colleagues have
reported: some aspects of expertise lie in greater atten-
tional flexibility (14,18), as well as in the possession of
greater reserve capacity (6).

CONCLUSIONS

In conclusion, our eye movement and control velocity
data revealed a fairly clear picture of the deployment of
perceptual and response resources in simulated flight.
Pilots tended to treat their lateral axis as primary, more
aggressive (higher velocity) control action reflected more
attention to an axis of flight (which partly accounts for
why experts were better at altitude control), and more
frequent fixations on an instrument were induced by in-
creases in the importance of the instrument as defined
implicitly by greater information conveyance about a
manuevered axis (rather than a constant one).

More subtle variations of fixation, across instruments
and maneuvers, differed between novice and expert pi-
lots in a way that revealed experts to have more automa-
tized skill in extracting information, and a more refined
mental model of cross-coupling and leading indicators.
This refinement in turn supported more flexible alloca-
tion of visual attention across different maneuvers and
hence, supported overall better performance (15). Ex-
perts also differed from novices in terms of a fixation
pattern that guarded against unwanted “tunneling”’;
they “mind the store” by checking primary indicators of
the health of axes that are not explicitly changed.

Such findings have important implications for how
novices might be better trained if, indeed, one shortcut
to expertise involves the targeted training of expert strat-
egies (2,10). In particular, we believe that better under-
standing of cross-coupling, of the need to check unchang-
ing axes, and possibly the introduction of enhanced tar-
geted practice on ADI information extraction, might
provide cornerstones for more efficient, theory-based, pi-
lot training.
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