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Previous research has shown that up to 80 percent of all commercial aviation accidents are the result of human error,
including inadequate decision making, ineffective communication, inadequate leadership, and poor task or resource
management. Currently, a number of “smart” flight deck technologies — such as Synthetic Vision Systems (SVS)
and Enhanced Vision Systems (EVS) — are being developed to prevent, intervene, and/or mitigate pilot error. In
some instances, these technologies are essentially acting as an additional crewmember, thus changing the dynamics
of crew interaction on the flight deck. The specific effects of these advanced technologies — both positive and
negative — on crew resource management (CRM) performance are difficult to quantify. Performance measures that
are sensitive to technology insertion must be developed to determine these impacts. To address this issue, we are
devel oping observer-based measures for assessing the effects of new technologies on CRM performance. This paper
focuses on the systematic process used to devel op these performance measures.

Introduction

Although commercial aviation is often cited as the
safest mode of transportation, the relative fatal
accident rate has remained fixed over the past three
decades due to an overall increase in air travel and
accidents per year (Flight Safety Foundation, 2005).
Previous research has shown that up to 80 percent of
all commercial aviation accidents are the result of
human error (Boeing, 2005). The underlying causes
of these errors are many: inadequate decision
making, ineffective communication, inadequate
leadership, and poor task or resource management
(Cooper, White, & Lauber, 1980; Helmreich, Merritt,
& Wilhelm, 1999). Currently, a number of “smart”
flight deck technologies — such as Synthetic Vision
Systems (SVS) and Enhanced Vision Systems (EVS)
— are being developed to prevent, intervene, and/or
mitigate pilot error in the cockpit. In some instances,
these technologies are essentialy acting as an
additional crewmember, thus changing the dynamics
of crew interaction on the flight deck.

The insertion of new technology on the flight deck
will necessarily impact flight-related operations and
crew functioning. The specific effects of these
advanced technologies — both positive and negative —
on crew resource management (CRM) performance
are difficult to quantify. Although a number of
observer-based CRM measures exist (e.g., the
University of Texas Line/LOS checklist, the
Approach and Landing Accident Coding Form, the
European NOTECHS system, the CRM Assessment
System Expert Tool), they focus on genera CRM
issues, not on the application of CRM with regard to
emerging technologies. Performance measures that
are sensitive to technology insertion must be
developed to determine these impacts. To address

this issue, we devel oped observer-based measures for
assessing the effects of new technologies on CRM
performance. Although the current paper only
discusses the development of observer-based
measures, both self-report and system-based measure
development is considered an essential next step in
providing a comprehensive view of crew
performance.

This paper focuses on the process used to develop
observer-based, technology-sensitive CRM -related
performance measures. Based on a review of the
literature and recent accident statistics, we focused
the development of performance measures within the
context of SVS and EVS technologies. These
technologies are being designed to reduce the
occurrence of low-visibility induced accidents,
including controlled flight into terrain (Alexander,
Wickens, & Hardy, 2005; Prinzel, Comstock, Glaab,
Kramer, Arthur, & Barry, 2004; Schnell, Kwon,
Merchant, & Etherington, 2004). These systems
provide a rea-time representation of the outside
world along with advanced symbology to support
guidance and control. NASA has been conducting
research on the design, development, and
implementation of SVS/EV S technologies for several
years.

Method/Results

The development of performance measures sensitive
to the insertion of advanced technologies involved a
systematic process consisting of five steps, as shown
in Figure 1. These steps included: 1) defining the
CRM skills pilots need to interact effectively with
advanced technologies, 2) identifying performance
indicators, or observable behaviors, that alow an
expert rater to recognize whether the crew is
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performing well or poorly on CRM sKkills, 3) candidate performance measures, and 5) assessing
identifying behaviors measurable in a simulation- measure sensitivity, reliability, and validity. Each of
based environment, 4) developing an initial set of these stepsis described below in more detail .
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Figure 1. Performance measure development process.

Step 1. Define CRM Skills seven revised definitions of CRM skills, as shown in
Table 1. These CRM skills essentially serve as a

The first step of the performance measure framework for observer-based measure development.

development process was to review relevant

documents n order to define the CRM skills that Table 1. CRM Skills and Definitions.
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Step 2. Identify Performance Indicators

The second step was to conduct a series of
knowledge elicitation sessions with subject matter
experts (SMEs) and targeted users (NASA
researchers) in order to identify likely performance
indicators. A performance indicator is an observable
behavior that allows an expert rater to recognize
whether the crew is performing well or poorly on
CRM skills. During this step, it is critical to identify
observable behaviors rather than inferred behaviors
to develop measures that are less sensitive to
individual rater differences and that multiple raters
can reliably assess.

We useal the Critical Incident Technique (Anderson
& Wilson, 1997) to generate multiple scenario
options where SV S/EV S technologies might be used.
Specifically, we asked the pilot SMEs (four certified
flight instructors and professors from Embry -Riddle
Aeronautical University) to describe situations in
which the insertion of SVS/EVS may mitigate,
prevent, or elicit pilot error in terms of CRM
behaviors and/or overall performance. The majority
of situations described by the pilot SMEs involved
taxiing and approach/landing phases of flight. We
then constructed three high-level scenarios, based on
information provided by the pilots, to use as
frameworks for eliciting performance indicators — to
initiate discussion regarding specific behaviors pilots
might exhibit under varying conditions. These
scenarios specified a variety of situations in which
SVS/EVS technologies might be used, including
airports with terrain-challenging conditions (e.g.,
ASE: Aspen, CO), approach type (e.g., Category 1),
time of day (e.g., night), weather conditions (e.g.,
fog), and unexpected events (e.g., baggage cart m
runway).

We asked the pilot SMEs to walk through the high-
level scenarios from the perspective of an instructor
pilot, and list what CRM behaviors they would
observe and how the presence of an SVS/EVS
integrated system might influence those behaviors.
We used high-level scenarios to elicit CRM
behaviors to ensure that the performance indicators
were not associated with any specific scenario event
(e.g., off-normal events or other scenario-specific
details) or technology implementation (e.g., heads-up
vs. heads-down displays), but would capture CRM
performance in al scenarios. We then met with
NASA researchers to finalize the list of performance
indicators.

Developing performance indicators was an iterative
process that involved several rounds of discussion

among the Aptima team members, pilot SMEs, and
NASA researchers. Discussions primarily involved
obtaining more detailed information about the
observable behaviors as well as identifying the
potential sequence of occurrence of these behaviors
within a given phase of flight. Table 2 shows sample
performance indicators associated with various
phases of flight.

Table 2. Example Performance Indicators.

Phase of Flight Performance Indicalor
Takeall Configures air-:;il:ﬁpprcmiatﬂly far
Takeoff Makes proper callouts

Approach aintains aapfé_;glllcgi aircraft rate of
Approach Configures S\VS/EVS properly
Appreach Makes decision bo landigo-arownd at

propar dacision height
T ' Makes appeoprigte mansuvars fo initats
Missed Approach pReap i

Qa-@Enaund

Conrdissabes whal sy 1o wse ol
ruweay

Taxi ta Gate

Taxi to Gate Waintains proper navigation on taxiway

Taxi to Gate Monitors taxiway for traffic

Step 3. Identify Measurable Behaviors

The third step involved identifying what observable
behaviors should be measured in assessing the effects
of advanced technologies on CRM performance. To
understand what should, we applied three decision
criteria, namely that the measures must be (1)
measurable in a simulation-based environment, )
CRM-related, and (3) sensitive to the usage of
SVSEVS.

Table 3 presents an excerpt of the decision criteria
applied to a set of performance indicators. The
“measurable?” column asks the question, “Doesthe
performance indicator represent a behavior that can
be measured within the simulation-based
environment?” Three types of measures are
potentially available in a simulation-based
environment: (1) data obtained by observation
(observer-based measures); (2) data obtained by self-
report (self-report measures); and (3) data taken
directly from the simulation (systembased
measures). If the team (i.e.,, Aptima human factors
scientists, pilot SMEs, and NASA researchers)
agreed that the performance indicator described a
behavior that could be observed by an expert rater,
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we entered “Observer” in this column. If the
performance indicator described a behavior that
could be rated by the pilot, we entered “ Self - Report”
in this column. If the performance indicator described
a behavior that could be measured by the simulator,
we entered “ System” in this column.

Table 3. Excerpt from the Performance Indicator and
Decision Criteria Matrix.
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Although the current paper only discusses the
development of oObserver-based measures, the
combination of complementary data types has the
potential to yield a more robust and comprehensive
representation of crew performance. For example,
system-based data can be used to validate observer-
based and self-report data; trained observation can
provide insights that are not easily obtained from
system-based data; and self-report data can provide
information on cognitive factors that are not
externally observable.

The “CRM related?” column asks the question, “Is
the performance indicator capturing behavior that is
related to at least one of the CRM skills defined in
Step I’ CRM-related behavior refers back to the
seven skills/definitions, shown in Table 1, established
for the purpose of this project: communication,
anticipation and planning, coordination, leadership,
decision making, adaptability, and situation
monitoring. If the performance indicator was related
to at least one of the seven CRM skills, we placed a
“Yes” in this column. If the performance indicator
was not related to at least one of the seven CRM
skills, we placed a“No” in this column.

The “likely affected by SVS/EVS?” column asks
the question, “Would the crew's performance on this
performance indicator be impacted (positively or
negatively) by having SVS/EVS onboard?’ If we
would expect performance to be influenced by

SVS/EV S usage, we placed a“Yes” in this column. If
we would not expect performance to be impacted by
SVS/EV S usage, we placed a“No” in this column.

We analyzed these data to identify the “rich” areas
for assessment—those observable behaviors that
draw most extensively on the relevant CRM skills
and are likely to be affected by SVS/EVS.

Step 4. Develop Performance Measures

The development of observer-based performance
measures entails a considerable time investment as
well as knowledge elicitation expertise. We worked
with pilot SMEs to develop candidate performance
measures with behaviorally-anchored rating scales.
Behaviorally-anchored rating scales tie specific,
observable behaviors to good, average, and poor
performance. Specifically, we developed these
measures through a series of structured group
interviews with pilot SMEs. We concentrated on
those performance indicators that met the decision
criteria we established — that is, those performance
indicators identified as being (1) measurable in a
simulation-based environment, (2) CRM-related, and
(3) sensitive to the usage of SVS'EVStechnologies.

Prior to the first interview, we devel oped a number of
draft performance measures to serve as starting points
for discussion. Our goal for the interviews was to
focus on performance measure relevance,
observability, and wording along with scale type and
anchor wording. We first asked the pilot SMEs if the
performance measure wording was specific enough
to get at observable behaviors, and changed the
wording accordingly in rea time. Next, we
determined whether a Likert scale was appropriate, or
if the measure required only a “Yes/No” response.
We then developed the behavioral anchors associated
with the Likert scales and asked the pilot SMEs to
define good/poor performance in terms of observable
behaviors. We used specific questions to help
identify these observable behaviors. The guestions
included: What does the crew do or say to indicate
good/poor performance for this measure? What
would cause the crew to do well or poorly at this
measure? In what situations will the crew perform
well or poorly on this measure? What behaviors
would represent a rating of 1/35 along the Likert
scale?

The pilot SMEs also helped identify the appropriate
sequence for the performance measures. Table 4
shows a subset of the candidate performance
measures devel oped as afunction of these interviews.
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Table 4. Candidate Performance M easures.

1. Does the crew coordinate to configure the SVS/EVS in a timely manner?

| | I | | | ‘ | ‘
| I | I | | ‘ | ‘
1 2 3 4 5
Does not coordinate Coordinates to configure Coordinates to
to configure the SVS/ the SVS/EVS, but notin a configure the SVS/EVS
EVS timely manner in a timely manner

2. Does the crew run diagnostic tests on the SVYS/EVS as the situation requires?
[ ves
] No

3. Does the crew recognize and deal with unreliable SYS/EVS information?

l | I | | | ‘ | ‘
| I | I | I ‘ I ‘
1 2 3 4 5
Does not recognize Recognizes unreliable Recognizes unreliable
unreliable information, but does not information and
information handle appropriately handles appropriately

4. Rate the crew’s communication:

| | | | | | | | ‘
I+ v 1 t T &t 1
1 2 3 4 5
Non-sterile cockpit, Non-sterile cockpit, Sterile cockpit, all
appropriate callouts but all appropriate appropriate callouts
omitted callouts made made

Step 5. Performance Measure Testing

The fifth step involves assessing and revising
candidate performance measures. As illustrated in
Figure 2, this step involves assessing candidate
performance measures considering:

1. Sensitivity. To be useful in differentiating
performance, measures should be sensitive to varying
levels of performance. Does the measure distinguish
among multiple performance levels for the target
population, or does everyone score at the bottom of
the scale (floor effect) or at the top of the scale
(ceiling effect)? Does the measure distinguish among
multiple performance levels associated with using
SV S/EV S technol ogies?

2. Reliability. In this context we are concerned
with inter-rater reliability. For measures that are
based on observation, do multiple observers rate the
same behavior in the same way? To make
comparisons across crews or within a crew over time,
when different raters may be assessing performance,
any variability in ratings should be due to
performance rather than the difference in raters.

3. Validity. Because there is no “gold standard”
or external performance criterion against which to
compare theseratings, a measure of construct validity
can be used by comparing the comprehensive mean
score on the measures to overall ratings of flight crew
performance given by the raters. If these observers
agree, then the correlation between this overall rating
and the more detailed measures can be used to
validate the detailed measures, a “convergence of

experts’ validation technique (Holt, BoehmDavis, &
Beaubien, 2001).

Sensitivity Testing

Obtain range of

Validity Testing scores

Correlation of scales with overall
performance ratings
Correlation with simulation-
=, based outcome measures

T% and Imphve
Performance .| Sensible, Reliable, Valid
Measures "| Perfermance Measures
Test and Improve

Reliability Testing

@ ' == Scenario X
' //|' Leamers A, B, C...
I Multiple Raters

Figure 2. Assessment process for measure sensitivity,
reliability, and validity.

This assessment process has not yet been completed
for the current set of candidate performance
measures. However, the assessment of measures
developed for the air-to-air combat domain through a
similar process provides a successful use case for
measure evaluation related to our current efforts.
MacMillan and colleagues (MacMillan et al., in
press) had six air-to-air SMEs observe recorded data
of ten F-16 four-ship teams, and asked them to
independently rate each of the ten teams both in real
time and at the end of a scenario based on overall
team performance on the mission. The authors found
that expert ratings on observer-based performance
measures were able to differentiate the teams,
showing neither a floor nor ceiling effect.
Furthermore, coefficient alphas computed to assess
inter-rate reliability showed that the behaviorally-
anchored scaled provided a high degree of reliability
across observers. Finally, a high correlation between
individual measure ratings and overall performance
ratings indicated that the performance measures
provided valid assessments of overal team
performance as well as reliable measures of
performance on specific aspects of behavior.

Conclusions

This research involved the development of observer-
based measures sensitive to the insertion of advanced
flight deck technologies, such as SVS and EVS. The
goal was to provide researchers with the means to
make sensitive, reliable, and valid ratings of CRM
performance in relation to wusing SVSEVS
technologies in a simulation-based environment.
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The approach we used to develop these observer-
based measures can be extended to other advanced
technologies, such as electronic flight bags and head-
up guidance systems, as well as other domains,
including pilot training, air traffic control, and
healthcare. For example, meaningful, quantitative
measures of crew performance can aid airline training
managers in assessing the impact of advanced
technology training programs on increased safety-
related performance and situation awareness as well
as reduced performance time and workload.

As mentioned previously, the combination of
complementary data types, such as observer-based,
self-report, and systembased measures, has the
potential to yield a more robust and comprehensive
representation of crew performance. Next steps in
this research could include applying this process to
the development of self-report and system-based
measures, and then developing a methodology to
effectively integrate these data sources.
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