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The present research examined the relative roles of capacity-and skill-based cognitive
characteristics in performance on a complex aviation task. Specifically, we examined the impact of
individual differences in inherent capacity of working memory (WM) and acquired memory skill
to encode situational information in an accessible form in long-term memory (LTM) on flight
situation awareness (SA). We developed spatial and verbal measures of WM-based capacity and
LTM-based skill, and then determined the abilicy of these measures to predict the differences in
pedformance on SA tasks. While both spatial measures of WM-based capacity and LTM-based
skill were important predictors of SA performance, their importance varied as a function of pilot
expertise. Furthermore, evidence of a compensatory role of the two memory constructs is
indicated. The results have practical implications for aviation professionals interested in pilot

training and selection for developing pilot expertise.
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The term 'situation awareness (SA)" has been
highlighted in the aviation domain because of its
prominent role in flight operations. Although it
has been considered an essential prerequisite for
the safe operation of aircraft, the use of the
term is inconsistent overall in the domain of
aviation. Its use is most often based on an
intuitive understanding and a commonly accepted
definition is missing. To fill this gap, aviation
have focused on the

components of SA because of the increasingly

psychologists cognitive
cognitive nature of the tasks operators should
perform (Durso & Gronlund, 1999; Endsley,
1995a; Sarter & Woods, 1991; Wickens, 1999).
Thus, researchers in aviation psychology have
sought to determine the cognitive requirements
that constitute the SA. The previous studies in
the aviation domain provided important support
for the centrality of cognitive processes in SA,
though they did not address the nature of
individual ~ differences  in
processes during SA (see Adams, Tenney, &
1995; Endsley, 1995a; Wickens, 1999).
The objective of this research was to determine
the locus of individual differences in pilot ability
to accommodate the cognitive demands that

utilizing  cognitive

Pew,

building and maintaining SA imposes.

The role of memory is viewed as central to
tasks that require
complex processing such as SA (see Durso &
Gronlund, 1999; Endsley, 1995a). The content

to SA is processed and resides in

performing dynamic and

relevant

memory. The accuracy of SA depends also on

memory in which incoming information is
integrated into  coherent interpretation and
prediction of aircraft status. Due to the

importance of memory components of SA, many
SA researchers have focused on the role of
memory in a variety of task domains including
air  traffic (e.g., Gronlund, Ohrt,
Manning, Dougherty, & Perry, 1998), driving

control

(e.g., Gugerty, 1997), and instrument flight (e.g.,
Doane, Sohn, & Jodlowski, in press).

In order to understand memory processes in
SA, it is necessary to understand the construct
of SA. The spirit of most definitions of SA can
be incorporated into Endsley's (1995a) information
processing view (Durso & Gronlund, 1999; Jones
& Endsley, 2000; Wickens, 1999). Endsley's
(1995a) view defines three levels of SA in terms
of component cognitive processes. The first level
of SA involves perceiving environmental elements
such as other aircraft, terrain, system status and
warning  lights. The second level involves
information integration, a process of activating
long-term memory (LTM) knowledge structures
in order to organize the perceived situation

elements into meaningful and recognizable
configurations. The third level includes processes
that enable projection of future flight status.
This third level of SA wuses the goal-relevant
activated knowledge structures formed in the
second level of SA to predict the status of the

aircraft. The accuracy of SA is a function of
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activating LTM knowledge structures that facilitate
the integration of environmental information and
result in a coherent interpretation of the current
and future flight status. Recent research suggests
that the integration of environmental information
takes place in working memory (WM) (see
Durso & Gronlund, 1999; Endsley & Garland,
2000).. In summary, SA in Endsley's view
involves memory processes that dictate whether
the resulting level of awareness will facilitate

versus detract from pilot performance.

Research on Cognitive Factors in Situation
Awareness

Many SA researchers suggest that understanding
component processes is crucial to understanding
failures in SA (e.g., Durso & Gronlund, 1999;
Endsley, 1995a; Sarter & Woods, 1991). Adams,
Tenny, and Pew (1995) suggest that componential
analyses will address the practical need for the
ability to predict failures in SA. As an example,
they describe a list of indicators of incomplete
SA that was devised to help pilots detect SA
problems.

Recent research suggests that componential
analyses of WM and LTM processes (e.g.,
Ericsson & Kintsch, 1995) are useful in predicting
failures in SA (e.g., see Durso & Gronlund,
1999 for a
componential research). For example, in a study

of U. S. Air Force F-15 pilots, Caretta, Perry,

complete review of additional

and Ree (1996) showed that the cognitive factors
such as verbal working memory, spatial working
memory, spatial reasoning, and divided attention
were the reliable predictors of SA after
controlling for the effects of flight experience.
Whereas Caretta et al. (1996) used cognitive
based on WM as
predictors of SA, Stokes, Kemper, and Kite
(1997) used LTM-based knowledge representations

as well as WM-based

factors that were solely

information ~ processing
abilities to predict decision-making optimality on
a simulated flight situation. Stokes et al. found
that both LTM-based knowledge representation
measures and WM-based spatial memory measures
were predictive of flight decision making.
Although the previous studies pointed to the
memory processes as important components of
SA, the nature of individual differences in WM
and LTM and their relationship in the context of
SA have yet to be determined clearly. As an
attempt to address the individual differences, the
present research examined the locus of individual
differences in SA using theoretical analysis based
on memory theories developed in a variety of
domains (e.g., Groen & Patel, 1988, Just &
Carpenter, 1992; Larkin, McDermott, Simon, &
Simon, 1980; Sohn & Doane, 1997). In such
tasks, successful performance entails processing
symbols of sequences and storing their intermediate
products over time (Baddeley, 1986; Carpenter &
Just, 1989). Reflecting such processing and storage

requirements in cognitive processing, individual
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differences in complex task pedformance have
been explained in large part by varied ability to
satisfy the processing and storage demands that
a given task imposes (Engle, Kane, & Tuholski,
1999; Just & Carpenter, 1992; Shah & Miyake,
1996). The focus of the present research was on
the locus of the varied ability to satisfy the
demands on WM. Testing the validity of
possible accounts based on the current cognition
theories, this research provides an insight into
the cognitive requirements that constitute SA
and the effective training methods that optimize
acquisition and maintenance of SA.

So far, we have been concerned with how
information is processed, but how this information
is represented is relevant in the present research
because it provides a useful means to examine
the nature of memory processes. Of particular
interest is the distinction between spatial and
verbal representations in memory. Although this
separability has long be recognized (see Baddeley,
1986), this distinction has not yet been clearly
addressed in the research on SA. Examining
whether the present task involves different
modality of representations, this research also
provides an insight into the modality effect on

memory representations of SA.

Present Research

Research Objective

The specific research question addressed was
whether individual capacity to maintain information
in WM or individual skill to retrieve information
from LTM or both are the loci of individual
differences in SA performance. This objective was
achieved by analyzing pilot SA performance in
the context of cognitive theories. Of interest was
the ability of contrasting theories to explain and
predict individual differences in SA performance.
The capacity theory of WM proposes that the
locus of individual differences in performing a
complex task is the fixed capacity to compute
and maintain presented information in WM (e.g.,
Daneman & Carpenter, 1980; Just & Carpenter,
1992; Shah & Miyake, 1996). Alternatively, the
skilled memory theory proposes that the locus of
the differences is the acquired skill to encode the
presented
form in LTM (e.g., Ericsson & Delaney, 1999;
Ericsson & Kintsch, 1995).

information efficiently in accessible

The capacity and skill theories differ in views
about

influencing individual differences in processing

storage location as well as factors
and storage of information. According to the
capacity theory, the maintenance of information
is solely based on storage in WM, and the locus
of individual performance differences is the
capacity to maintain the information in WM.
This capacity is assumed to be inherently different
across individuals. In contrast, according to the
skill theory, the maintenance of information is

based on storage in LTM in accessible form, and
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individual performance differences result from
skill - to better

retrieval structures. Whereas the former theory

acquired construct and use

proposes that the amount of information that
can be maintained in accessible form in WM is
limited by a fixed capacity, the latter theory
that WM capacity is
within

thought to
individuals as a

function of their access efficiency during a given

proposes
dynamically change
task. Thus, our research objective was accomplished
by devising measures of WM capacity and
LTM-retrieval skill and then comparing their
predictive ability of the two sets of measures to

predict the differences in performance on SA
tasks.

Overview of Experiment

The present experiment consisted of three
tasks. First, the span tasks of Daneman and
Carpenter (1980) and Shah and Miyake (1996)
were modified to measure individual WM capacity.
Many researchers hypothesize separate WM
resources for different modalities of cognitive
processes (e.g., Daneman & Tardif, 1987; Shah
& Miyake, 1996). Based on this hypothesis, the
span tasks assessed individual WM capacity for
computation and storage of spatial and verbal
information.

Second, a situation recall task analogous to
the Chase and Simon (1973) chess experiment
was devised to measure individual pilots'’ LTM-

retrieval skill. Their experiments showed that

chess masters were able to reconstruct more
chess pieces on a board than novices if the
pieces were originally arranged in a meaningful
game position. In contrast, if the pieces were
placed in a random configuration, chess master
performance fell to novice levels. In the present
to be

were cockpit situational indices (e.g., altitude,

the elements reconstructed

experiment,
heading, airspeed). The cockpit situations were
represented in either spatial or verbal form to
examine the effect of presentation modality on
pilot ability to construct an accurate mental
representation of cockpit situation. The spatial
form included a pictorial snapshot of actual
cockpit instruments, while the verbal form was a
written description of instrument indications. To
measure encoding in and retrieval from LTM,
participant memory for a cockpit situation was
tested after a 30-s delay filled with an intervening
task (e.g., 1959). The

intervening task was considered to clear short-term

Peterson & Peterson,

storage of scanned situational information. To
measure construction of efficient retrieval structures,
we presented participants with both meaningful
and non-meaningful cockpit situations. The
meaningfulness was defined as whether the
cockpit situation represented a plausible real
state of an aircraft in the world.

The difference in delayed-recall accuracy of
meaningful and non-meaningful situations is

thought to reflect pilot ability to construct and

-209 -



use efficient retrieval structures in LTM (see e.g.,

Stokes, Kemper, & Kite, 1997). In the

meaningful trials, pilots are expected to access
LTM-retrieval encode che

their structures  to

situational  information. In contrast, in the
non-meaningful trials pilots are not expected to
have a matching retrieval structure that can be

accessed to aid encoding. The benefit of accessing

a LTM-retrieval structure during encoding can be
calculated by comparing delayed-recall accuracy
in meaningful situations to that for non-meaningful
situations. In sum, the differences in delayed-recall
meaningful and

accuracy between the non-

meaningful conditions were calculated as an

index of situational information accessible in

LTM.

Goal: Altitude 3500 ft
Heading 0°
Airspeed 95 kt

Goal: Altitude 3500 ft
Heading 0°
Airspeed 95 kt

Judge whether the aircraft will reach the goal

state in the next 5 s.

Figure I. An example trial of a SA task.
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Finally, the SA rtask posed to participants in
the present research was designed to reflect the
three levels of cognitive components defining SA
(Dominquez, 1994; Endsley, 1995a). Specifically,
participants  viewed  consecutive screens  that
showed a goal description and two consecutive
cockpits and then judged whether an aircrafe
depicted by the consecutive cockpit snapshots
would reach the specified goal state in the next
5 s (see Figure 1). (The details of task materials

and procedures are provided in the methods

section.) To successfully perform this task,
participants must perceive changes in flight
situation elements across various instruments

(e.g., status and changes in airspeed, heading,
altitude), interpret and understand their meaning
with respect to the goal (e.g., I am currently
below my desired airspeed, etc.), and predict
their future implications given the goal state in
mind (e.g., Given my current state and rates
and directions of change, I am headed toward

my desired flight status). The methods of the

three tasks are detailed in the subsequent
sections.
Method
Participants
Fifty-two  pilots  from local flight  schools

participated in this experiment. As a function of

pre-experiment questionnaire data obrained from

cach participant, novice and expert groups

contained twenty-five and twenty-seven participants,
(For

classification details, see Doane & Sohn, 2000).

respectively additional questionnaire and
Novices on average had rtotal flight time of 86
hours, total flight time of 18 hours in the last
90 days. In contrast, experts on average had
total flight time of 1117 hours, total flight time
of 31 hours in the last 90 days.

Materials and Procedure

All  participants completed the three tasks
(span, situation recall, and SA). Each task is
described below.

Span tasks. We used two span rasks
and verbal
store different modality of information in WM.

spatial
requiring participants to process and
In the spatial span task, participants were
presented with a set of English capital letters
and their mirror images one at a time, each
appearing in different orientations (see Figure
24). The task was to remember the orientation
of each letter in the correct order while deciding
whether each letter is normal or mirror-imaged
as quickly and accurately as possible. A single
trial consisted of the individual presentation of
normal or mirror-imaged letters (F, J, L, P, or
R) on a Each letter was

computer  screen.

presented for 2,200 ms in one of seven possible
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(2) ®)
(C\ Say "normal " %’ Say "normal "
. #
E Say "mirror." E Say "mirror."
o= |
O m Click a button to indicate
S_ S| the top of the first letter Enter "R"  Press the first letter on the keyboard.
O
D:l
= Click a button to indicate —
|:||:l |::=| the top of the second letter. Enter "F Press the second letter on the keyboard.
-

Figure 2. Example trials of (a) a spatial span task and (») a verbal span task. (Adapted

from Shah & Miyake, 1996).

orientations in 45 increments, excluding the
upright orientation.

Participants were asked to respond aloud to
"normal” or

of letters was

indicate whether the letter was

"mirror." After the entire set
presented in a trial, participants were asked to
report the correct orientations in serial order by
clicking o.n small buttons that indicated the
possible orientations on a diamond-shaped grid
(for more details, see Shah and Miyake, 1996).
The structure of the verbal span task was

identical to that for the spatial part, except that

participants were presented with a set of

different letters and asked to recall the letters
rather than the orientations (see Figure 25). At
each trial, participants were presented with a
letcter set one at a time, each appearing in
different orientations. We added
and Q to the letter set (F, J, L, P, or R) that

two letters G

was used for the spatial span task to increase
the variability of the possible set of letters o be
recalled. A single trial for this task consisted of
the individual presentation of a small set of 7
letters (F, G, J, L, P, R, and Q) presented in
random order Letter

on a computer screen.

presentation was constrained such that the same
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letter could appear only once in a given trial.
The participant's task was to remember the
letters and their order of presentation while
deciding whether each letter was normal or
the end of a tral, the
participant was prompted to type the letters in

mirror-imaged. At

the order presented using the keyboard.

Each span task included a total of 20 letter
sets including 5 sets at each size ranging from
two to five letters and participants were
presented with increasingly longer sets of letters.
After the participants finished 5 trials at a size
of letter sets, they were informed of how many
letters would appear in the next set of trials and
were prompted to click the mouse to begin the
next trial. The order of task performance was
that  half of the

participants started with the spatial task and the

counter-balanced  such
other half of the participants started with the
verbal task.

Situation recall tasks. Participants' task on
each trial was to view a sequence of two cockpit
situations presented on the screen and recall the
situational information. Participants were presented
either with pictorial cockpit snapshots as shown
in Figure 34 (spatial stimuli) or verbal lists that
described cockpit situations as shown Figure 34
(verbal stimuli). A pair of consecutive cockpit
situations (as depicted in Figures 34-5) was
shown for 40 s and then they were removed

from the screen. Participants then completed an

intervening task for a 30-s delay period, where
they counted backward by threes as fast as
possible for 30 s. For example, a prompt such
as "Count backward by 3: 528" was presented
on the screen following the disappearance of the
cockpit  snapshots
backward by threes from 528: 525, 522, 519,

and participants  counted
and so on. This intervening task was devised to
interrupt maintenance and computation of the
display indications in WM.

After the 30-s delay filled with the intervening
task, they had to recall the flight situation. For
the spatial situation trials, participants reconstructed
the situation by manually filling in the
indications of display instruments on a blank
cockpit frame sheet of paper. For the verbal
situation trials, they reported aloud the description
of display indications to the experimenter.
recall

indications that were presented in either the top

Participants were asked to the value
or bottom situation, and the choice of situation
to be recallld was randomly selected. When
participants thought they were finished recalling
all the indications they could remember for the
trial,

computer keyboard to view a pair of cockpit

they pressed the space bar on the
situations for the next trial.

As previously stated, we manipulated the
meaningfulness of the cockpit situation. Figures

d4a and 4b depict
situations. The figures show that each snapshot

example non-meaningful

displayed an implausible flight situation that
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Figure 3a Example spanal cockpit snapshots used for situation recall tasks

!— Airspeed: 115 kt,
: Bank: 0°
! Pitch:  level
' Altitude: 4200 fr.
Power: 2500 rpm
Rate of turn: 0
i Heading: 150°
! Rate of climb: 0 fr./min.
Il;,, S— - e — I E———

Airspeed: 125 kt.
Bank: 15° o the left
Pitch: 1 dot below
Altitude: 4170 ft.
Power: 2600 rpm

Rate of turn:

Heading: 130°

Standard to the left

| Rate of climb: -200 ft./min.

Figwe 36, Example verbal cockpit descriptions used for situation recall tasks.
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Figure 4a. Example non-meaningful snapshots used for situation recall task

o S e o s NS S

Airspeed: 90 kt. :

Bank: 15° o the left
Pitch:  level

Alurude: 3700 fr.
Power: 2200 rpm
Rate of turn: Standard to the right
Heading: 90°

Rate of climb: 0 fr./min.

Airspeed: 110 kt.

Bank: 0°
Pitch: level

Altitude: 2800 fr.

Power: 2100 rpm

Rate of turn: Standard to the right
Heading: 180°

Rate of climb: 500 ft/min.

L

Figure4b. Example non-meaningful descriptions used for situation recall tasks.
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pilots would never encounter, and the pair of
flight

situations. For example, as depicted by the

snapshots did not depict consecutive

bottom snapshot in Figure 4, the attitude
indicator indicates a level flight while the turn
coordinator indicates a turn to the right is in
progress. These two events cannot take place at
the same time; it is a physical impossibility.
Looking at the sequence of two snapshots, the
altimeter indicates that the altitude has decreased
from 3,700 ft. to 2,800 ft. though the vertical
speed indicator indicates that the climbing rate
has increased from O ft. to 500 ft. per minute.
Such a situation cannot occur in the real world.
The situation recall tasks included 9 trials of
the spatial task and 9 trials of the verbal task,
6 trals with meaningful situations and 3 crials
with non-meaningful situations for each task.
The order of task performance was counter-
balanced half of the
started with the spatial task and the other half

such chat participants
of the participants started with the verbal task.
For each task, participants were first presented
with a set of trals with meaningful situations
and then with a set of trals with non-meaningful
situations. -This was done to avoid any possible
changes in viewing strategy caused by exposure
situations. We
trials  with
meaningful situations to familiarize them with
the procedure. They received feedback regarding
trials. No

to unexpected non-meaningful

gave participants two  practice

recall accuracy for the practice

accuracy feedback was provided for the

experimental trials.

SA rask. As previously stated, a SA trial was
composed of consecutive screens that showed a
goal description and two consecutive cockpits (see
Figure 1). The goal description indicated the
desired state that an aircraft should reach in the
near future (ie., in approximately 5 s) on the
three flight performance elements (e.g., "Altitude
3500 ft, Heading 180, Airspeed 90 kt"). The
first screen displayed the goal description on top
of the screen and right below it the cockpit
snapshot that depicted the initial flight situation
(at time 1) for 20 s, at which time the first
cockpit snapshot disappeared and the second
cockpit appeared. The

description remained on top of the screen. The

snapshot goal  state

second snapshot depicted the "current" state of
the aircraft (at time 2) following changes caused
by control movements (not specified to the
participants) executed at time 1. This second
snapshot depicted the state of the aircraft
approximately 5 seconds following the status
depicted in the first snapshot. The 5-s flight
interval between the two snapshots was sufficient
to indicate a noticeable amount of change in
cockpit display of aircraft status. The second
snapshot  remained on the screen untl
participants pressed a response key, at which
second

time the goal description and the

snapshot disappeared.
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Participants were asked to determine if the
aircrafc depicted in the cockpit snapshots would
achieve the goal initially specified in the next 5
seconds without further control movements. That
is, they had to determine whether the snapshot
sequence indicated a movement toward the goal
and whether the second snapshot indicated that
movement toward the goal would continue. In
essence, they had to mentally predict the state
of the aircraft in the next 5 seconds with the
constraint that no further control movements
would be applied. The participants indicated
whether the aircraft was moving in a manner
consistent with achieving the goal, or in a manner
inconsistent with achieving the goal by pressing
the key marked "C' for consistent or "I" for
inconsistent. Inconsistent trials were created by
manipulating one of three flight elements (ie.,
altitude, heading, airspeed) depicted in the
second snapshot to render the "current” (time 2)
flight situation inconsistent with the specified
goal. The materials included 23 consistent and
27 inconsistent snapshot sequences. Once a
consistency judgment was made, the next trial
was presented.

Participants were presented with 7 practice
trials to familiarize them with the procedure
trials.  They

received accuracy feedback during the practice

prior to viewing experimental

trials, but feedback was not provided during the
trials.  The recorded

consistency judgment accuracy and the time that

experimental computer

elapsed between the presentation of the second

snapshot and the entry of the consistency

judgment.

General Procedure

The experiment took place in a single session
of 2 - 2.5 hrs. After signing an informed consent
form, participants completed the flight background
Then, the
administered in the following order: the SA task,

questionnaire. three tasks were

the span rtask, and the situation recall task.

Scoring and Data Analysis

WM Capacity Measures

Scoring for spans. We used procedures that
Daneman and Carpenter (1980) and Shah and
Miyake (1996) devised to score a participant’s
span. A participant's span score for the spatial
task was defined as the highest set size for
which all of the orientations were recalled in the
correct order, for at least three of the five sets.
If the participant's recall was accurate on two of
the five sets at the next set size, half a point
was added to the score. If a participant correctly
recalled less than three of the five sets at a
particular level but was able to recall two or
more sets at a higher level (this case was rare,

= 5), the average of the lower and the upper
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limits was used as the span score. The possible
maximum and minimum scores for the spatial
span measures were 5.0 and 1.0 (in cases in
which only one or no set was correctly recalled
at the two-item level) respectively.

the verbal

criterion because this task was less difficult than

For task, we wused a higher
the spatial task. A participant's verbal span score
was defined as the highest set size for which all
of the lecters were recalled in the correct order,
If the

participant's recall was accurate on three of the

for at least fowr of the five sets.

five sets at the next set size, half a point was
added to the score. If a participant correctly
recalled less than four of the five sets at a
particular level but was able to recall three or
more sets at a higher level (this case was rare, »
= 4), the average of the lower and the upper
limits was used as the span score. The possible
maximum and minimum scores for the verbal
span measures were 5.0 and 1.0 (in cases in
which two or less sets were correctly recalled at
the two-item level) respectively. Although the
scoring criteria differed across span rasks due to
their  varied difficulty, applied

were

they

equitably across participants and resulted in
comparable span scores.

We did not take into account participant
accuracy in judging whether letters were normal
or mirror-imaged. This aspect of span tasks is
thought to reflect spatial visualization ability
rather than WM capacity (Shah & Miyake,
1996). Regardless, the participants showed 70%
of

This

or higher percent
normal

accuracy on judgment

or mirror-imaged  orientation.
suggested that the participants made an effort to
be accurate and in so doing used the processing
component of WM demands imposed by the

span tasks.

Span scores. A summary of descriptive statistics
for the span measures for novices and experts is
presented in Table 1. Of interest is whether
measures of WM capacity relate to amount of
piloting experience. As previously mentioned, the
capacity account proposes that individual differences
in WM capacity are inherent in the individual
and do not vary with expertise. To determine if
there was a significant relationship between the

measures of WM capacity and piloting expertise,

Table 1. Summary of Descriptive Statistics for Span Measures.

Novice Expert
Measures M sD Min Max M sD Min Max
Spatial span 3.15 1.08 1.00 5.00 342 1.12 1.50 5.00
Verbal span 3.59 0.92 2.00 5.00 3.63 0.98 2.00 5.00
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mean span scores for novices and experts were
compared. Two-tailed t tests resulted in no
significant difference between the two groups in
either of the span measures, ps > .3. This is
consistent with the hypothesis that WM capacity
does not change for a given individual as they

acquire expertise.

LTM-Retrieval Skill Measures

recall The

experimenter scored participant indications for

Scoring correct responses.
each of the eight flight elements (ie., airspeed,
heading, altitude, pitch, bank, power, rate of
climb, and rate of turn) according to explicit
rules. Responses for pitch and bank were scored
separately although they are indicated by one
instrument, the attitude indicator. Responses were
scored as correct and full points were given if
they matched exactly all corresponding indications.
The responses for the pitch, bank, rate of climb,
and rate of turn that provide both directional
and value indications were given partial credits if
only the

However, no credit was given to the responses if

directional indications were correct.
only their value indications were correct because
the value information in the wrong direction
indicates a more severe loss of memory for the
situation than does memory loss for the exact
value but retention of the correct direction. For
example, a pitch indication of one dot #bore the

horizon when the correct indication is two dots

ghove the horizon was given half a point because
the pitch direction, above the horizon, is correct
though the exact value of pitch is not correct.
In contrast, a pitch indication of one dot abore
the horizon when the correct pitch indication is
one dot belnw for the actual pitch of one dot
below the horizon was given zero points because
although the

direction (above versus below) is incorrect.

values (one dot) match, the

LTM-retrieval skill scores. LTM-retrieval skill
scores were calculated using the differences in
recall accuracy between possible and impossible
situations. Table 2 shows group mean control
and performance LTM-recrieval skill scores for
spatial and verbal situation presentations. As
shown in the table, each measure was divided
into control and performance sub-measures to
specify the nature of LTM-retrieval structures
constructed and used to facilitate SA performance.
These sub-measures were calculated based on the
recall accuracy for control and performance flight
elements respectively. Control elements indicate
input settings of control movements and include
pitch, bank, and power. Performance elements
indicate the behavior of the aircraft as a resule
altitude,
heading, airspeed, and rates of climb and turn.

Looking at Table 2, experts showed higher

of control movements and include

LTM-retrieval skill scores overall than novices, F
(1, 50) = 12,78, MSE = 0.030, p < .0L. As
proposed by the skilled memory theory, this
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Table 2. Mean LTM-Retrieval Skill Scores for Novices and Experts as a Function of Situation
Presentation Modality (Spatial and Verbal) and Flight Element Type (Control and Performance)

Novice Expert

LTM-Retrieval Measures M SD M SD
Spatial Presentation

Control Element .18 22 34 19

Performance Element .20 2 .26 13
Verbal Presentation

Control Element .26 17 33 .18

Performance Element .26 A1 33 A5

result can be attributed to a large body of
relevant knowledge and a repertoire of flight
states that expert pilots internalize. Particularly,
the group difference was significantly pronounced
for the control LTM-retrieval skill measure with
spatial stimuli, F (1, 50) = 7.22, MSE= 0.042,
p < .01, but not for the other measures, Fs <
3. This suggests that experts rely more on
control  flight

meaningful  configurations  of

elements than do novices.

SA Performance Measures

To measure pilot SA performance, we analyzed
accuracy data in the context of signal detection
theory to determine how sensitive participants
were to discriminating between consistent and
inconsistent stimuli (Green & Swets, 1966). To

observer

judgments,

determine  the sensitivity of  pilot

consistency correct  judgments for

consistent stimuli and incorrect judgments for

inconsistent stimuli represented hits and false
alarms in d' calculations, respectively. Following
procedures outlined in Green and Swets, bias
scores were also calculated to determine if the
group differences are influenced by different
criteria novices and experts used for making
"consistent” or "inconsistent” judgments. Judgment
latency was also measured as another index of
SA performance.

Table 3 shows mean d' wvalues, bias scores,
and latency for novices and experts. Judgment
experts than for
novices, F (1, 50) = 8.69, MSE = 0.269, p <

sensitivity was higher for

.01, but there is no group difference in bias or
latency, Fs < 1. The results suggest that the
SA task differentiated between novices and
experts, although group performance differences
were caused by judgment sensitivity, not by
judgment criterion or latency differences. Because
judgment sensitivity varied as a function of

expertise, we used this performance measure as
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Table 3. Mean Judgment Sensitivity (d"), Bias Scores, and Correct Judgment Latency for Novices

and Experts in SA task.

Novice Expert
SA Measures M SD M SD
Judgment sensitivity 1.20 0.53 1.62 0.50
Judgment bias -0.32 0.57 -0.24 0.54
Judgment latency 8.94 261 8.37 277

the criterion measure to be predicted by the
WM capacity and LTM-retrieval skill measures.

Results and Discussion

The major question of interest in this research
was which memory measures are valid indicators
of SA performance and what roles WM capacity
and LTM-retrieval skill play in predicting SA
performance. To address this question, each of
two WM capacity measures (spatial and verbal
spans) and four LTM-retrieval skill measures
verbal

control, and verbal performance) was correlated

(spatial control, spatial performance,

with the SA performance measure. Then,
hierarchical regression analyses were conducted

skill

measures that were highly correlated with SA

using WM capacity and LTM-retrieval

performance as predictors of SA performance.
These analyses allowed us to determine if the
effect of one predictor on SA performance was
when other

significant controlling for the

predictors (Cohen & Cohen, 1983).

Memory Measures Indicative of SA
Performance

Table 4 shows the correlation between each of
memory measures and SA judgment sensitivity
for novices and experts. The roles of specific
a function of

memory measures varied as

expertise. Overall, WM capacity —measures

Table 4. Correlation between Memory Measures
and SA Judgment Sensitivity for Novices

and Experts.
Memory Measures Novice Expert

WM Capacity

Spatial Span 52 .10

Verbal Span 30 .10
LTM-Retrieval Skill

Spatial Control 22 AG**

Spatial Performance .08 .24

Verbal Control -24 -.08

Verbal Performance A7 .21

Note. *p < .05; ** < 0L
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correlated highly with SA sensitivity for novices,
whereas LTM-retrieval
highly with SA sensitivity for experts.

skill measures correlated
One
explanation for this difference is that novices rely
more on their inherent WM capacity, because
they have not acquired reliable LTM-retrieval
skill to overcome the WM overload imposed by
the SA rtasks. Thus, novice pilots with higher
WM capacity were able to be more sensitive
performers. In contrast, experts with a higher
level of LTM-retrieval skill showed greater SA
sensitivity.

In each type of memory measure, spatial span
was the significant indicator of SA sensitivity for
novices, whereas the spatial control LTM-retrieval
skill measure was the significant indicator of SA
sensitivity for experts. This suggests that SA
requires spatial representation more than verbal
representation in WM. Given that LTM-retrieval
skill measures reflect access efficiency to LTM,
we can also infer that efficient LTM access is
mediated by configurations of control flight

elements.

Roles of WM Capacity and LTM-Retrieval
Skill in Predicting SA Performance

To determine whether WM capacity, LTM-
skill, or

novice and expert SA performance, hierarchical

retrieval their interaction predicted

regression analyses were performed. Because

spatial WM capacity and spatial control LTM-

retrieval skill measures correlated significantly
with SA judgment sensitivity, they were used as
representative predictors of SA performance.
Hierarchical regression analyses were conducted
in three steps. The LTM-retrieval skill measure
was entered in the first step; the WM capacity
measure was entered in the second step; and the
cross-product of these two measures (LTM-retrieval
skill x WM capacity) was entered in the third
step. This order of entry reflects our assumption
skill - would
decrease the pilot's reliance on WM capacity as

that an increase in LTM-retrieval

the determinant of SA performance. The cross-
product was entered only after the two variables
that might be a source of interaction effect on
SA performance had been entered. A significant
increment in variance accounted for (referred to
as Rsmg) by the variable entered in each step
would indicate the unique contribution of that
variable to SA performance. The results of the
hierarchical regression analyses for LTM-retrieval
skill, WM capacity, and their interaction predicting
novice and expert SA performance are summarized
in Tables 5 and 6, respectively. To help explain
them, the relations of WM capacity tw SA
performance as a function of LTM-retrieval skill
for novices and experts are characterized in Figures
4 and 5, respectively. In these figures, high
LTM-retrieval skill pilots are pilots with scores
equal to their group mean or higher for the
LTM-retrieval skill measure, and low LTM-retrieval
skill pilots have scores lower than the group mean.
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Table 5. Results of Hierarchical Regression Analyses Predicting Novice SA Performance.

Criterion variable

Predictor_variable .

R change B F hunge
SA performance
LTM-retrieval skill .05 0.54 1.16
WM capacity 23 0.25 7.10%*
LTM-retrieval skill x WM capacity .00 0.11 0.06

Note. *p < .05; **p < 0L

Table 6. Results of Hierarchical Regression Analyses Predicting Expert SA Performance

Criterion_variable

Predictor variable 7

R chugge B F chunge
SA performance
LTM-retrieval skill 21 1.21 6.68%*
WM capacity .00 0.01 0.01
LTM-retrieval skill x WM capacity 18 -1.14 6.89%*

Note. *p < .05; *% < 0L

3.5

3.01

Judament Sensitivity (d")

O High LTM Skill

® | ow LTM Skill

0 1 2 3 4 5 6
Spatial Span

Figure 4. Relation of WM capacity to SA judgment sensitivity as a function
of LTM-retrieval skill for novices.
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Figure 5. Relation of WM capacity to SA judgment sensitivity as a function
of LTM-retrieval skill for experts.

As shown in Table 5 and Figure 4, only WM
capacity (spatial measure) predicted novice SA
performance, Rpme = .23, B = 0.25, Faumg (1,
22) = 7.10, p < .01. This suggests that the
higher the WM capacity (spatial span), the
better the performance on the SA task. In
contrast, Table 6 and Figure 5 show that
LTM-retrieval  skill
predicted expert SA performance, sz = 21,
B = 121, Fam (1, 25) = 668, p < .01,
which suggests that the higher the LTM-retrieval
skill, the better the SA performance. Also, there
was a significant LTM-retrieval skill x WM
capacity
performance, Rguge = .18, B = -1.14, Faumg (1,

(spatial control measure)

interaction in predicting expert SA

23) = 6.89, p < .0l. Figure 5 suggests that

WM capacity facilitates SA performance for low
LTM-retrieval skill experts but not for high
LTM-retrieval skill experts. Moreover, for experts
with high levels of LTM-retrieval skill, relying
on WM capacity decreases SA performance.

General Discussion

The present research makes both theoretical
to understanding the

constituents of SA and practical suggestions for

contributions cognitive
developing pilot expertise and training. The
findings from this research suggest that memory
building

components of flight situation awareness, and

processes play a central role in
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that the role of WM and LTM change with
expertise. These findings address an ongoing
discussion among aviation researchers about the
relationship between memory processes and SA
during flight (e.g., Carretta et al., 1996; Durso
& Gronlund, 1999; Endsley, 1995a). In the
aviation  psychology literature,

contradictory ideas about the role of WM in

there are

SA. For example, Caretta et al. found that
cognitive capacity measures based on WM,
spatial reasoning, and divided atcention predicted
SA. In contrast, Durso and Gronlund argued
that the correlation between WM and SA is the
result not of WM capacity, but of acquired
such as LTM skills allow

compensate for WM

strategies that
experienced  pilots o
overload.

Our results indicate that both WM capacity
and LTM-retrieval skill play a role in flight SA,
that LTM-retrieval skill compensates for WM
load, and that the respective roles of WM and
LTM-retrieval skill vary as
expertise. WM capacity was critical for less
experienced pilots, whereas acquired LTM-retrieval

a function of

skills were important for more experienced pilots.
These findings are consistent with the previous
works that emphasized the role of LTM and
skilled memory for expert SA (Endsley, 1995a,
b; Fracker, 1988, 1991;
1991). For example, Endsley (1995b) found that

Hartman & Secrist,

expert pilots were able to keep situational

information available to answer SA queries for

quite a long time after a freeze of system
participants
(non-experts) showed poor performance on the
similar SA queries (Fracker, 1991).

simulation. In contrast, student

This research has applied implications for pilot
training. Gardner (1983) has argued that a
person needs to have a certain predisposition in
order to become an expert in a domain, whereas
Ericsson and colleagues (Ericsson & Charness,
1994; Ericsson & Lehmann, 1996) contend that
a person can learn to perform expertly in a
domain through deliberate practice. Our data at
least partially support Ericsson's view. Although
individual differences in WM capacity had a
significant effect on acquisition of a high level of
SA for novice pilots, the effect of such individual
differences was attenuated for expert pilots with
knowledge skills, Indeed, the
reliance on WM capacity should be low for
experts who have high levels of LTM-retrieval
skill in performing their domain SA tasks.

extensive and

If WM capacity measures predict novice pilot
vulnerability to SA failures, then pilot instructors
may be able to use screening tests that assess
WM customize their

capacity  to training

according to the cognitive abilities of the
student. There are potential applied applications
for communications between air-traffic controllers
and pilots. For example, during non-nominal
flight pilots will be most

vulnerable to failures in SA when their WM

events, novice

load is high. This suggests that interactions with
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pilors should be designed to reduce their
working memory load.

The findings from this research also have
potential implications for the training of expert
pilots. Overall, expert SA performance was
predicted by LTM-retrieval skill. This suggests a
possible future role for LTM-retrieval skill as an
assessment tool for pilots. Our results provide an
insight into improving pilot LTM-retrieval skill,
knowledge  representation
As found in formal
domains such as physics (e.g., Chi, Feltovich, &

Glaser, 1981), the nature of pilot knowledge

pointing to pilot

varying with expertise.

representations may vary as a function of
expertise. Novices often rely upon and represent
surface (or "superficial') features of situations,
whereas experts focus on the underlying (or
"deep") features. In aviation, operations on the
different

from operations on the performance elements.

control elements can be cognitively
The control and performance elements reflect
causes and effects of flight situation changes,
respectively, and can be seen as corresponding to
the deep and surface features of flight situations.
As suggested by our data, expert pilots are
likely to use configurations of control elements
(e.g., bank, pitch, and power) to represent their
flight situations rather than performance elements
(e.g., heading, altitude, and airspeed).

Thus, one way to improve pilot SA can be to
familiarize them with the underlying features of

cockpit situations for the event-based training.

One of the basic formula taught in ground
school training is "attitude + power = performance,"
that an appropriate input combination of attitude
(bank and pitch) and power results in the
desirable aircraft performance (see Dogan, 1991).
Expanding
meaningful control flight patterns of attitude and

student  pilots'  repertoires  of
power can facilitate their skilled encoding and
retrieval of information from LTM. This also
that further needed to

if such an explicic training will

suggests research  is
determine
improve individual LTM-retrieval skill at a given

level of expertise. In the present

summary,
research makes a significant contribution to the
goal of determining the cognitive processes that
support flight SA. Understanding the cognitive
processes that support flight SA will allow us to
move beyond the retrospective diagnosis of SA
failures.
vulnerabilities and flight situations will interact
SA failures, we

If we can anticipate when cognitive

and result in gain the

opportunity to intervene and remedy failures
before it happens (Durso & Gronlund, 1999)
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1. We confirmed this fact with flight instructors serving as consultants to the project.
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