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ISAP Keynote

THE PSYCHOLOGY OF AVIATION SURPRISE: An 8 YEAR UPDATE REGARDING THE
NOTICING OF BLACK SWANS

Christopher D. Wickens
Alion Science & Technology, Boulder, Colo.
& University of Illinois Human Factors Division

We describe the limitation that people have in noticing very unexpected, surprising “off-
nominal”, or black swan events, as reflected in the psychology of change blindness; and
how this limitation can compromise aviation safety. We then describe a three phase
program of research examining pilot response to these black swan events, using (1) a
meta-analysis to reveal the miss rate in noticing black swans, (2) a model of visual
attention to predict this miss rate, and (3) the same model to make predictions regarding
the safety impact of NextGen technology and procedures.

In 2006, an Embraer Legacy business jet and a commercial 737 passenger aircraft collided in mid
air over Brazil (Command of Aeronautics, 2006). The 737 was seriously damaged, crashed, and all lives
were lost. While, as in any fatal aircraft accident, there were many factors responsible, one of the most
critical is that the transponder on the Embraer was not sending its position, such that a TCAS alert in the
737 would have registered the impending collision and an evasive maneuver could have taken place. At
an earlier time in the flight history, there is good evidence from air traffic control communications that the
Legacy was transponding (in response to interrogation) so, at some time prior to the collision, the
communications system within the Legacy must have become disabled, and a display within the cockpit
changed its state to signal this event, one of great significance and importance, but one that the pilots on
board apparently failed to notice. We will emphasize below that this “failure” is one that is quite
understandable given the frailties of human attention. We point out here that this provides a prototypical
example of the criticality to aviation safety, of noticing unexpected, and often not very salient “off-
nominal” events or, to use the term coined by Taleb (2007), “black swan” events.

This issue then is a key element of the “psychology of surprise”, which was the focus of my talk
at this symposium in 2001 (Wickens, 2001). Since that time, two key elements have led me to revisit this
theme, 8 years later. First, at that time, I expressed regret at the lack of much valid data, in realistic
environments, that could help aviation psychologists understand pilot (and controller) response to the
black swans. A good deal more of such data exist now, and will be summarized below. Second, we are
entering a period when revolutionary changes in the airspace are forecast, as reflected by the proposed
procedures and equipment that are embodied in the next generation of the airspace or NextGen (JPDO,
2008). Such changes are designed to increase the productivity in the airspace, while preserving levels of
safety. Predictive models are being developed to demonstrate the assumed productivity (i.e., capacity)
benefits of procedures like merging and spacing, self separation, RNAV, and equivalent visual operations.
It is important however that valid models also be developed to predict the safety implications of these
productivity enhancements; we argue here that safety concerns in an already very safe system must, by
definition, be associated with ‘black swan” unpredictable events. If such events were predictable, then
their consequences would have been mitigated. Any such model will be unlikely to predict when such an
event will occur, but it should be able to predict the conditions that might make a black swan more
possible, as well as key features of the human response to the event, which is the focus of this address.

If we examine the human (e.g., aviation worker) response to very surprising events, we can
identify three categories of processes where the response might break down:



1. Innoticing (or failing to notice) the triggering event. The Embraer mid-air collision provided
such a prototypical example, with the apparent failure to notice the display change signaling the
cessation of position broadcast. Another example would be the runway overshoot crash on take-
off at Lexington Kentucky (NTSB, 2007), where pilots failed to notice important cues that they
had lined up for approach on the wrong runway.

2. In diagnosing. Although airspace workers may notice that things are not right in a timely fashion.
(This is, after all, the process that alarm systems support), they may not fully understand the
nature of the unexpected problem: a correct situation assessment. Pilots in the CFIT accident near
Cali Columbia were aware of a navigational problem, but did not understand, until too late, the
course of their trajectory relative to the mountains.

3. In selecting and executing appropriate procedures. A number of aircraft accidents in the previous
decade, associated with the flight management system (Dornheim, 1995), were attributed to
pilots, “fighting” the autopilot. For example in the Air China crash at Nagoya Japan, the pilot and
autopilot were imposing opposite forces on the plane’s elevators, until an abrupt pitch up attitude
caused a stall.

Of these three stages of pilot information processing, I focus on the first — noticing — for two
important reasons. First, it is a well-defined safety bottleneck. Jones and Endsley (1996) have surveyed
the literature and found that stage 1 situation awareness breakdowns (which can roughly translate to
failure of noticing and/or perception) account for 76% of SA related errors in aviation. Second, such
failures directly reflect the psychology of change blindness or inattentional blindness (Simons & Levin,
1997; Rensink, 2002), a striking phenomenon well researched in basic psychological laboratory, that
“scales up” remarkably well to applied worlds of driving, flying, and process supervision. (Carpenter,
2001, Martens, 2007; Wickens Thomas & Young, 2000, Sarter, Mumaw & Wickens, 2007, Stelzer &
Wickens, 2006).

The phenomenon of change blindness, whereby people are quite insensitive to noticing changes
or events in the world around them has three characteristics, and change blindness will be more prevalent
to the extent that all three are present:

e The event occurs away from foveal vision, and bear in mind that at any given time, only about
0.02% of the visual world occupies a pilot’s foveal vision.

e The event is relatively subtle or non-salient (e.g., not a flashing light, but just the appearance or
disappearance of a visual object or displayed element).

o The event is unexpected: Here what is meant by “unexpected” can range between events such as a
conflict alert in an ATC facility, which occurs rarely, but the controller assumes that one could
happen at any time, and events such as the offset of the transponder signal, for which there may
be no expectation whatsoever. We have referred to these as “unexpected” versus “truly
surprising” events, and Taleb (2007) has called them gray swans and black swans respectively.

In addition to these three features contributing to change blindness, data suggest that the failure to
notice will be amplified as resources are withdrawn from monitoring by dual task conditions, such as
those prevalent in the descent phase of flight, particularly in single pilot operations.

How prevalent is change blindness in these circumstances? In a study of cockpit displays of
traffic information to support self-separation, Stelzer and Wickens (2006) observed that pilots failed to
notice over 80% of changes to flight trajectories of nearby aircraft on the (fairly cluttered) display in front
of them, given that they were also engaged in a primary flight task (miles in trail distance keeping), and
that the events themselves were not signaled by a warning such as a flash; but rather just a change in a
digital data tag (for altitude), or movement direction across the display (for heading). In another study,
pilots were inferred to ‘miss” around 50% of flight mode annunciator changes in a full mission simulator,
at least as this miss rate was inferred from the absence of a visual fixation on the FMA following the



change (Sarter et al., 2007). Importantly, in both of these cases, we can refer to the events as gray swans,
not black swans, since participants were very much aware that such changes could occur in the context of
the experiment.

For extrapolation to aviation safety our research team was more concerned with the actual “black
swan” events, for which we suspected that noticing rate might be lower (even though the base rate of such
events would also be, by definition, drastically lower). However our challenge was to find statistically
reliable estimates of such a miss rate, and of the causal effects that could moderate it. The challenge here
of course is that by definition, in any experiment, from the perspective of the pilot once such an event
occurs once it is no longer totally unexpected (and therefore no longer a black swan). Hence the response
to the event can occur only once per pilot per experiment, and this “low N” often thwarts the efforts of
researchers to extract statistically reliable data regarding a black swan response.

In order to overcome this challenge to statistical power, in the first of three elements of our
research program (Gore et al, 2009), we turned to the technique of meta-analysis (Rosenthal, 1991), in an
approach described in detail in Hooey et al. (2009). Here, we identified in the literature every aviation
study we could find that used a relatively realistic flight simulation along with licensed pilots, and at
some point in the experiment presented a truly surprising, safety-critical black swan event. For example
an investigation of synthetic vision systems for landing may present, on the final trial of the experiment, a
runway incursion, after several sessions of incursion-free landings (Wickens et al., 2009).

The output of this meta-analysis produced a series of “effects” on off-nominal miss rates that
supported our understanding of the safety concern that they engender. We found that overall about 1/3 of
the pilots missed these events, and one study (Thomas & Wickens, 2004) was able to attribute such
misses in part to pilot scan strategies: those who tended to look less frequently where the event occurred,
were less likely to notice it. Importantly, we also found at least four factors that affected this miss rate in a
statistically reliable fashion when pooled over studies. Our analyses revealed that pilots had a higher miss
rate (MR) for the off nominal event when:

e A black swan outside world event was to be detected while they were flying with a HUD (MR =
0.36) versus without a HUD (MR = 0.27).

e The event was a truly surprising black swan (MR = 0.48) rather than an unexpected gray swan
(MR =0.29).

o The unexpected event occurred down on the instrument panel (MR = 0.39) than out the window
(MR =0.29)

e An outside-the-cockpit black-swan event occurred while pilots were flying with a head down
highway in the sky display (HITS : MR = 0.45) rather than without a HITS (MR = 0.22).

e The off-nominal event was an erroneous clearance delivery and it was delivered by data link
alone (MR = 0.69) rather than redundantly with data link and voice (MR = 0.38).

While such relatively low levels of performance might well be considered disconcerting for
aviation safety, we also recognize that such misses will occur quite infrequently, since the base rate of
these off-nominal black swan events is, by definition, exceedingly low (but not impossible). However one
of the ironies of automation (whose failures may often be considered black swan events) is the ironic fact
that the rarer the event is, the less expected it becomes, and hence the greater is the likelihood of missing
it (Bainbridge, 1983). Furthermore, the results from these high-fidelity flight simulations certainly
replicate what is now well known regarding change blindness and inattentional blindness in the real world
(Rensink, 2002: Simons & Levin, 1997; Sarter et al., 2007; Stelzer & Wickens, 2007; Wickens &
Alexander, 2009; Wickens et al., 2000). That is, people simply do a poor job of noticing changes (events)



when these are unexpected, are not salient and occur outside of foveal vision; all conditions that typified
the events analyzed in our meta-analysis.

Of course such empirical data as those reported above, while of value in explaining potential
concerns with current day (e.g., HUD) and near-future (e.g., HITS) technology, does not inform us of the
miss rate of future NEXGEN systems and concepts. For this we must turn to computational modeling
(Foyle & Hooey, 2008), which constituted the second element of our 3-element research effort. In this
element we developed a model of noticing rare visual events, called N-SEEV. SEEV describes the four
components that drive visual scanning around the workplace, typical of the cockpit: Salience, Effort
(conservation) Expectancy and Value. Then, in the context of this normal steady-state allocation of visual
attention, a to-be-noticed event occurs, in this context the “off-nominal event” (e.g, the onset of a
warning signal in the cockpit). Now the noticing (“N”’) component of N-SEEV predicts how long the eye
will take to land on the location of the event and/or, the probability that it may not be noticed at all (miss
rate), or noticed before some deadline.

N-SEEV actually has several parameters (See Wickens et al., 2009); but can effectively drive a
simulated eyeball around a simulated cockpit, in a way that does an adequate job of mimicking actual
pilot scanning (Sarter et al., 2007) and capturing the variance in noticing time across different display
concepts (Nikolic et al., 2004). What we did in the second component of our study was to program N-
SEEV to mimic the conditions in which pilots confronted the black or gray swan events, across three of
the dichotomous comparisons revealed by out meta analysis: event location, event expectancy (black vs.
gray swans) and the presence or absence of a HITS in the cockpit. We correlated the model-predicted
miss rate with the observed miss rate from the pilot-in-the-loop simulation (the output of the meta-
analysis), and found that our model could predict the actual miss rate of all six conditions in the three
contrasts within 14%, and four of the six within 7%.

For those of us interested in the value of computational models in human factors (Foyle & Hooey,
2008) these findings were of great importance because they revealed a good degree of empirical
validation of the models in predicting new data. Thus equipped with a model that we believe is valid, the
third element of our research was to demonstrate how the model could apply to making predictions of
vulnerabilities for certain NextGen procedures and equipment.

For example, these model prediction runs revealed the degree of advantage gained (in noticing in-
cockpit warnings) by positioning those warnings close to the primary flight display; but also the high cost,
to noticing out-of-the-window black swan events, associated with placing heavy visual demands on the
pilot to monitor a CDTI in a self-separation procedure, and particularly with the enhanced cognitive
demands when there is a simultaneous engine failure. Here our model predicts that around 80% of these
events will be missed.

It is important to reiterate that the likelihood of such occurrences are by definition extremely rare.
But, as others have noted (e.g., Taleb, 2007), just because they may be rare, they are not impossible, and
so human factors practitioners should be concerned with ways to mitigate these examples of black swan
change blindness. In this regard, another advantage of this (and other) computational models emerges: It
is a matter of only a few minutes to change parameters of the model (e.g., those associated with an added
visual alert, or with re-positioning a display to a HUD location), and a new (and presumably lower) miss
rate can be calculated, to signal the safety-advantage of the mitigation.

Of course models are not the panacea for aviation safety. It is important to realize that:
e they are only as good as their validity, and validity itself can only be achieved from empirical
pilot-in-the-loop data.



e They can rarely account for all factors (without becoming unwieldy and over-complex). For
example N-SEEV only predicts the behavior of a single pilot, and it is unclear how a pair of eyes
in the commercial cockpit, with collaborative scan strategies might mitigate some of these effects.

e A model like N-SEEV can rarely predict when a miss of a black swan event will occur; or
precisely what form the black swan itself will take, but only the circumstances that drive this miss
rate up and down and, by extension, how to reduce this rate.

Finally, in conclusion, while we will clearly never be able to eliminate either the occurrence of
off-nominal events or the challenge to human attention of noticing them, by understanding what those
challenges are, and predicting the circumstances in which they may be amplified, we can go a long way in
helping pilots and controllers cope with the “psychology of surprise”.
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Simulator Motion...It Rocks! (Or Maybe Not)

Bob Jacobs

University of Illinois Engineering Psychology Ph.D. (1976)

[ want to briefly share some of our early work at the University of Illinois Aviation
Research Laboratory relating to the nature and role of motion cueing and its
relationship to pilot performance in flight training, skill evaluation, and flight
instrument utilization. First, though, I'd like to offer some personal testimony about
Stan Roscoe, the director of the Lab, so that you can appreciate the extraordinary
environment we were provided in which to pursue our research and to learn.

Stan was one of a kind. As a scientist, as an educator, and as the leader of a research
organization, Stan always set the bar at its highest limit. He insisted that we who
worked for him, studied under him, and helped him to contribute to the
understanding of how best to combine human beings and technology in systems
reach well beyond “good enough”. For Stan, whether the task at hand was human
factors engineering support to a major aerospace program, the conduct of
experimental studies in aviation psychology, or the sharing of our scientific
activities with sponsors and peers, a clear focus, professional quality, and absolute
integrity were required without compromise.

Like my colleague Larry Scanlan, I had the privilege of working for Stan at Hughes
Aircraft for several years before following him back to the University for graduate
studies. During that time, | was constantly amazed at Stan’s incredible energy, his
patience, and his persistence as he directed our work in the Display Systems and
Human Factors Department. In most aerospace companies, human factors
engineering was just one of the “illities” - a backwater discipline staffed by
individuals of modest aspirations performing work that was required by the
customer to check off the contractual “boxes”, but in truth not of very high interest
to company leadership. This because like training, logistics, or safety, human factors
was regarded as an annoying constraint to main product line technical innovation
and certainly not fertile ground for the growth of business and profits. Across the
industry, the human factors organizations were on the lowest link of the food chain
when it came to support for corporate sponsored independent research and
development, capital investment, or other expenditures.

Stan made things very different for us at Hughes. First, he constantly reminded us
and others up and down the chain of command how important our work was to
producing systems that would deliver maximum man-machine system performance
to our customers. He taught us to find out what was going on in every corner of the



company and to aggressively market our technical knowledge and research
capabilities to programs inside the company that could benefit. The result was that
at Hughes, the human factors organization was, [ believe, held in much higher
regard for its contributions to program success than was common elsewhere.

Second, Stan early on recognized the importance of simulation as a tool for
supporting system engineering, and developed a center of expertise focused
primarily on man-in-the-loop simulation for research and concept demonstration.
This was a unique resource within the company, and it became an important tool for
the attraction of work both within the company and from customers outside.
Although quite unusual for what would typically be regarded as a support service by
other companies in the aerospace business, at Hughes, the human factors activity
was a very successful direct support contractor to many DoD customers - system
developers as well as research oriented agencies.

Third, Stan believed strongly in hiring strong people and developing the talents of
those who worked for him. Stan must have been the record holder for securing a
disproportionate share of Hughes’ generous educational support for graduate
studies for his people, and the department enjoyed one of the highest ratios of
graduate degreed professionals in the company. Larry Scanlan and I were both to
become beneficiaries of his efforts to secure graduate fellowships for us - in both
cases unprecedented at Hughes because they provided full time study for an
extended period at a University far away from southern California.

Lastly, Stan appreciated the importance of communication skills for his staff. Even
those in very junior positions were put before customers to present their work, and
given the opportunity to participate in the preparation of proposals and reports so
that we could learn how to share our ideas verbally and in writing to his high
professional standard. The fact, as we knew all too well, that he had been an
undergraduate English major in college, was constantly on our minds as we
prepared our materials.

[ offer this description of how Stan ran his organization at Hughes because when he
returned to the University of Illinois to reactivate the Aviation Research Laboratory,
he brought these same values and beliefs to the directing of the Lab. Stan was able
to create the Engineering Psychology program and establish parity for the discipline
within the Psychology Department with the other more traditional pursuits there.
He brought relationships with the government agencies that sponsor research in
aviation psychology with him when he arrived, and quickly built up a portfolio of
funded research contracts that made ARL a going concern. Stan’s appreciation for
the importance of simulation as a focal point and tool for the research program
continued, and he developed a sponsorship relationship with a major manufacturer
of general aviation simulation systems that resulted in the laboratory obtaining a
state-of-the-art simulator for its work. He also succeeded in finding the resources to



provide real-time computing capability and access to aircraft to support our
experiments.

Stan’s standards for high quality staff remained unchanged as well. The Psychology
Department of the University of Illinois is held in very high regard and is very
selective in its acceptance of graduate students. At the time of my admission, the
acceptance ratio was around 5% of the applicants. Over and above this, Stan
insisted that for a graduate student to become part of the research staff at the ARL, a
minimum of a private pilot’s license was a prerequisite, and more advanced
certification was desired. Many of us were commercial pilots and flight instructors
when we became part of the ARL research family.

Stan continued to insist upon high standards of communication skills for his people
at the University as well. Unlike most research organizations on campus, Stan
scheduled annual program reviews for our research sponsors and professional
colleagues. Graduate students were expected to prepare professional
conference/journal quality papers for presentation of their work to an audience that
traveled to the University from all across the country. These were quite formal
affairs, but Stan considered them to be learning experiences as significant as any of
the academic work or research. The papers were published in a proceeding of the
meeting, and often submitted for further publication in professional journals.

Student researchers were also required to write proposals and technical reports
describing their proposed work and results to meet contractual requirements of our
sponsors. These documents were also required to meet a high standard of quality.
Stan considered them to be practice for our eventual professional counterpart
activities.

In many respects, the laboratories operated as if it was a research and development
enterprise, but with the overlay of University academics and periodic turnover of
the staff researchers as new candidates were accepted and others completed their
degrees and moved on.

Now in that time, high fidelity flight simulators were a very expensive commodity.
High performance visual systems ran about $1M per channel, and synergistic 6 post
motion systems were also significant cost drivers. Stan recognized and wrote that
in the case of the motion systems, the cost impact arose from more than just the cost
of the motion platform and its driving software. These systems were very
maintenance intensive, but in addition required a large volume of space within
which to operate -read bigger building, consumed a lot of power, and were thought
to pose a safety risk and so required costly risk mitigation. Our research simulator
had a simpler pitch/roll motion system, but even that device was significantly more
expensive to purchase than a non-moving counterpart.

The prevailing wisdom among simulator manufacturers than was that the
contribution of various aspects of simulator fidelity to the overall effectiveness of



the systems for flight training or flight proficiency assessment was not known, so
under the presumption that higher fidelity correlated with higher transfer
effectiveness and/or higher predictive validity for flight checks, simulator users
were advised to purchase as much fidelity as possible. One simulator manufacturer
at the time marketed its products with the slogan “uncompromising realism”, as if
that ensured the purchaser would realize maximum return on investment.

The problem with that theory, at least in the motion dimension of fidelity, is that
even the best synergistic platforms are only capable of limited physical excursion on
each axis; so sustained acceleration cannot be simulated. Instead, these systems can
be used to cue supra-threshold linear and rotational acceleration over a very limited
range, and then must be restored to a neutral state ideally subliminally so that the
simulator occupant does not notice the transition. This is not the same as the set of
motion cues experienced by the occupant of a maneuvering aircraft which can
sustain accelerations through vast displacements - so even the best motion
simulation does not produce “uncompromising realism”.

We began talking about an alternative design philosophy for simulation - one that
we called “selective-fidelity”. The concept was to invest in cue realism in visual,
audio, whole body motion, tactical feedback, etc. when the cues could be
demonstrated to contribute to the transfer effectiveness or predictive validity of the
simulator experience, but not to spend money on aspects of the simulator design
where no relationship could be shown to its value as an environment for training or
testing. Of course to put this strategy into practice, it became important to gain an
understanding of the relationship between the nature and fidelity of these cues and
the effectiveness of the simulator in its design mission. Understanding the role of
motion cueing in this respect became a major research thrust for ARL during the
early 1970’s.

A further question on the table had to do with the role that motion cues had to play
in aircraft flight control related response. Was the perception of motion an alerting
cue - one that merely triggered a process of interpretation of instrument indications
leading to formulating a response? Or was the cue an essential input to the
response formulation itself - were the magnitude and direction of the motion cue
characteristics when processed in concert with some sort of operative dynamic
model of the aircraft control loop, determinants of the characteristics of the
response?

Recall that at that time, ARL was the beneficiary of substantial support from a major
manufacturer of simulation systems, including the general aviation simulator that
the lab intended to employ to address these questions. When it became known that
it was our intention to try to quantify the role of motion cues in determining the
effectiveness of simulators as training or testing environments, our benefactor, who
realized a meaningful proportion of its revenue through the sale of motion systems,
was none too happy. I recall that there were extensive discussions between Stan
and our point of contact at the company in which it was suggested that:
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1. Perhaps we ought not to be doing this research, or, alternatively,

2. Perhaps we ought to perform the study at their company facility or at an Air
Force simulation facility that they operated, where they could provide “help”.

To his great credit, and at some risk to the continuing support of the lab, Stan
resisted both suggestions. I regard this episode as one of many instances of Stan
putting scientific integrity before political considerations.

In the few years that followed, we conducted three sets of experiments that focused
on the issue.

One of our graduate researchers, Fuat Ince, conducted a research application
oriented study in which various formats of attitude indicators (moving horizon,
moving airplane, frequency separated, kinalog) were tested in a disturbed roll-
tracking task under various conditions of motion. Error in tracking and especially
control reversals were measured. Ince found that there was a reliable interaction
between the nature of the motion cueing and tracking performance, and that there
was also a significant difference in the frequency of control reversals in recovery
from unknown attitudes across motion conditions. Interestingly, the results showed
that tracking performance most closely matched performance in an aircraft when
the simulator was operating with washout motion, but that control reversals were
minimized when the simulator was set to present sustained bank and pitch cues.
This suggests that the role of motion cueing extends beyond the alerting role
postulated earlier, and that to some degree at least the directionality of the motion
in the roll axis helps to produce an initial roll control response in the right direction.

Lt. Col. Jeff Koonce, a graduate student at the lab with the Air Force Institute of
Technology Ph.D. program, investigated the role of motion cueing with respect to a
second domain of simulator application - predictive validity of ground based flight
proficiency testing. In his experiment, experienced instrument rated pilots were
given two flight proficiency checks in the simulator on successive days, followed by
an check flight in an aircraft. Simulator check rides were conducted under three
motion conditions (no motion, sustained motion, and washout motion). Jeff found
that, as would be expected, performance improved with each succeeding check ride.
Test subjects made more errors in the simulator without motion, made fewer with
sustained motion, and performed best with washout motion. The order of results
was consistent from day one to day two in the simulator. But when the check ride
was conducted in the aircraft, the no-motion group performed reliably better than
the other two indicating a differential impact of motion condition on any learning
that may have been taking place over the three sets of trials. Flying the simulator
without motion is harder - pilots have to concentrate more intensely on the
instruments without motion cues to aid them. The suggestion here is that perhaps
that greater effort resulted in measurably different skill gain in transfer to the
aircraft.
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To test whether this might have been the case, in my own dissertation study, I
examined the role of motion cues as a factor in the transfer effectiveness of the
simulator in an abbreviated primary flight-training curriculum. I will not detail the
procedures for establishing control of such variables as instructional technique or
subject aptitude; only reassure that these were accounted for. Four groups of
subjects, none of whom had any previous flight experience as either pilot or
passenger and thus had no expectations for the motion cues in an aircraft or
simulator, were trained to private pilot proficiency standards on a series of
maneuvers under instrument conditions. To make the task more challenging, a
complex airplane with retractable landing gear and a controllable pitch propeller
was used. A control group received all of its training in the aircraft, repeating each
of a series of successively difficult maneuvers that involved at first simple
maneuvers such as maintaining heading and altitude, and progressing to more
complicated “Charlie” patterns in which the subject had to calculate headings, climb
and descend then maintain target altitudes, make standard rate turns alternating
left and right through 90 or 270 degrees, adjust power, retrim the aircraft, etc. All of
this was performed under an instrument hood which would pose a significant
challenge to even a certified private pilot. Subjects repeated each maneuver task
until two successive trials were performed to exit criterion (private pilot) standards.

The experimental groups went through the same training sequence, but received
instruction in the simulator first under one of three conditions of motion then were
tested in the same way in the aircraft. One group trained without motion, while the
other two groups experienced washout motion or a special hybrid condition in
which the simulator provided washout motion but with a random directionality.
The latter condition was introduced because it provided an alerting cue, but not a
dependable polarity and so could not be relied upon as a parameter from which to
formulate a directional response.

[ found that when comparing the performance of the various experimental groups to
the control group performance, that motion produced higher transfer effectiveness
in the simulator and that washout motion was best in terms of skill gain rate.
However, an examination of the uptake rate resulting under the various conditions
of motion and no motion, when adjusted for the respective costs of motion and non-
moving simulators produced a surprising conclusion. For this particular set of flight
skills, the most cost effective strategy for training is to utilize the non-moving
simulator for a longer period of time to reach exit criteria rather than to achieve it
faster in the washout motion condition.

The comparison of the washout motion to the random washout condition was not
definitive for every dimension of performance measured, but generally it indicated
that motion cues provide a reliable alert to a need to take a control action, but that
the students cannot utilize the magnitude or direction of the motion perception to
decide what should be done. This is consistent with what every flight instructor
attempts to teach - trust the instruments, not you own senses.
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These motion studies had an impact in the simulation industry - some of us became
rather widely known - or perhaps infamous would be a better choice of words -
because of them. Today, many general aviation training devices do not move but
deliver cost effective flight skills as compared with training exclusively in the
aircraft. Further, they enable the practice of certain types of tasks that would be too
risky or expensive for initial training in flight.

Motion has a place in flight simulation, but it is application specific and the design of
a simulator must take into account for what it will be used to develop the best
cueing environment for the device. Since leaving the University, [ have gone on to
develop many hundreds of simulators, some with motion systems, some without.
For those in which motion is the right choice, I say “Simulator Motion Rocks!” In
other cases, we don't need it.

Thank you for listening, and thank you Stan.
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STAN AND THE MOON ILLUSION:
Drilling Down at One End of the Human Systems Integration Elephant

Hector M. Acosta, Ph.D, CHFP
711"™ Human Performance Wing, Human Performance Integration
Air Force Research Laboratory, Brooks City-Base, San Antonio, TX

Dr. Stanley Nebuchadnezzar Roscoe invested decades researching a mystery born of
observations separated by over two millennia. Characteristically, he addressed this
peculiar problem set based on its Total System Performance implications, inspiring
students and colleagues along the way. It was during his dissertation research that Stan
found that pilots attempting landings using periscopic displays needed about 20%
magnification to avoid landing long and hot. He did not know “the why” of his
observation or its pragmatic solution. To Stan’s great frustration, nothing in the existing
literature explained the phenomena. Years later, Stan and his students hit upon a
mechanism that might have mediated similar perceptual errors and interventions--
including no less than the classic conundrum, the Moon Illusion. Much research
followed. This presentation is about a few of his many long term influences and my work
with him as his last doctoral student and current keeper of the flame.

I currently work as a consultant promoting the processes of Human Systems Integration (HSI) in requirements
definition, development, acquisition, and sustainment in the U.S. Air Force. The goal of HSI is to optimize Total
System Performance while minimizing Life-cycle System costs. I am very comfortable in this role, owing much
of that comfort to the abiding influences of Dr. Stanley N. Roscoe.

When I first met Stan, he was already well-established as one of the great names in Aviation Psychology. My first
graduate seminar with him introduced me to a man with an easy, disciplined comfort at applying the scientific
method to solving practical problems affecting human performance. He did this while almost casually (often
grinning like a pirate) grappling with the complexities of Total Systems. Due in no small part to his influence, I
have never, ever, been able to approach a topic of research without trying to take a total systems view, from the
operator out and from the operationally relevant environment in.

Stan’s view of aviation psychology’s role was both simple and hugely inclusive. In his seminal work, Aviation
Psychology (1980), he defines the role of applied psychologists as behavioral engineers and offers a variation of a
whole systems view of the aviation research domain in his Exhibit 1.1 of that publication. An adaptation of that
view is presented at Figure 1.

“' S M Pi/o_f i Environmental
: ( I m <P Said States
| Airplane m ‘ E
2 - = | |
Ll Actuating } 5 ( Recognizing | sensing<|— <
e Recoi!ectmg
DYNAMIC e e RESPONSE

Figure 1. Adaptation of Stan’s functional model of a pilot-airplane system (Roscoe, 1980, p. 4)

In a paper presented to Air University, you find his influence in the model representing my simple conceptual
framework for developing the U.S. Air Force’s first computer-based aircrew selection and classification Basic
Attributes Testing system, Figure 2 (Acosta, 1985). The model served well and the system was fielded. Later, when
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working with Stan and his long-time research and engineering associate, Mr. Louis Corl, in preparation for my
adventures in the worlds of visual accommodation, size perception and the Moon Illusion, I again reflected his
influence in yet another conceptual model (Acosta, 1997), Figure 3.

A CONCEPTUAL FRAMEWORK

PREDISPOSITIONAL/PERSONALITY FACTORS

PERCEPTUAL COGNITIVE .| PSYCHOMOTOR
PROCESSING = PROCESSING PROCESSING
MAN
HIS WORLD

Figure 2. Stan’s Total System emphasis reflected in Acosta’s1985 conceptual model as a basis for the original Basic
Attributes Testing system.

The emphasis in this later model was on sensation and perception and their critical translation into information
driving goal-oriented behavior. The Total System emphasis here was the expectation that perception, veridical or
not, is very much affected by the integration of inputs from multiple components in the human visual system. Stan
and I were to have many discussions about powerful perceptual illusions being the product of sensory perceptual
systems operating correctly, but under specifiable conditions effecting data-driven errors, an instantiation of the
ubiquitous: garbage in, garbage out. The challenge to the Human Factors Engineer then is to understand human
perceptual processes well enough to intervene.
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Figure 3. Stan’s Total System influence in a maturing Oculomotor Perceptual model (Acosta, 1997, p. 81).
The Moon Illusion
A minimal definition of the moon illusion might state that it consists of the misperception of the size of the moon

(also the sun and constellations) that varies depending on its elevation relative to the earth’s natural horizon. The
change is illusory, easily demonstrated by projection and measurement or using photography. It is perceived to be
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largest near the horizon and to diminish in apparent size as it rises toward the zenith. There is reasonable debate as
to whether the primary locus of the illusion is a too large moon on the horizon or a too small moon overhead.

For millennia, the mystery of the moon illusion has defied explanation. As summarized by Plug and Ross (1989):

Aristotle (384-322 BC) proposed that distance and air density cause a mirror or lens effect (refraction
theory), so that the rising and setting moon, sun, and constellations appear larger than overhead.

Ptolemy (ca. 142 AD) also suggested an atmospheric refraction effect. He further noted that observation
on the horizon is “the usual, normal and, therefore, a more correct, condition of vision” while overhead
viewing is unusual and difficult resulting in erroneous viewing (angle of regard theory).

Ibn al-Haytham (11th century) proposed that the size of an object is judged by combining its visual angle
with its known distance. Distance can only be judged accurately when an uninterrupted sequence of
intervening bodies (a texture gradient) is present (Intervening Objects Theory).

Greaves (ca. 1638), Castelli (ca. 1630) both refuted variations of the refraction theory. Greaves, impressed
by apparent differences between size in Egypt versus England, measured the real angular size of the sun at
various elevations and found no change. Castelli did the same for constellations.

Gassendi (1636-1642) and Anonymous (possibly Bourdelot, ca. 1672) proposed some kind of oculomotor
mediation of the phenomenon. Gassendi proposed a physiological optics-based enlargement of the retinal
image for the horizon versus the elevated moon. His hypothesis was that there was less brightness near the
horizon causing an enlarged pupil and with it an enlarged percept of size. Bourdelot is thought to have
attempted to explain the dilation effect by saying that it caused a flattening of the lens and a simultaneous
lengthening of the projection distance (lens to retina). While this position was widely discounted by the
mid-18th century, it awaited Young to disprove the basic mechanics proposed.

Berkeley (1709) held that both size and distance were judged from various learned cues. Among these
were aerial perspective (increasing faintness and loss of color contrast with distance). Berkeley proposed
that aerial perspective, variable under different atmospheric conditions, was the dominant determinant for
the enlarged appearance on the horizon. Expanding on his learned cue theme, Berkeley proposed reduced
size constancy with elevated angle of regard. Across a large variety of experiments, culminating over two
and half centuries later with the work of Kaufman and Rock (1962), the effects of angle of regard seem to:
1. confirm an optimization of the human perceptual system to an upright straight ahead angle of regard; 2.
result in a very small, relatively insignificant, degradation in size constancy accuracy with departures from
this orientation (i.e., not nearly enough to account for the illusion); and 3. support the conclusion that the
presence and angular distance from a textured gradient beneath the moon was the dominant stimulus
condition associated with the illusion.

None of the above, however, provided a satisfactory candidate mechanism (“process”) for generating the illusion.

Tonic Focus and Visual Accommodation

Visual accommodation is the oculomotor mechanism involving the eye’s flexible lens that permits normal human
eyes to adjust focus over a range of up to about 15 diopters in the very young, approaching zero diopters of dynamic
range for individuals above the age of 50. The majority of this optical power is necessary to focus on objects near to
us, converging light to form useful images on our retinas. Because of the inverse relationship between units of
optical power and distances in the real world, only one diopter separates the degree of convergence of light needed
to focus the details of an object at 1 meter and the power to converge parallel rays from objects at infinity. So, only
about 1/7 of a diopter change is needed for precise refocus, for example, from an object at 6 meters to an object at 60
meters. All pretty straightforward.

The human visual system is, however, much more complex than a simple optical system. It is in this complexity
that Stan and his students found measureable results that suggested at least one mechanism for mediating the moon
illusion and Stan’s periscopic dilemma. As detailed by Roscoe (2008) and Acosta (2004), a series of studies in the
literature and investigations by Stan, his students and colleagues found that:

1.

We rarely focus accurately or steadily

2. There are tonic biases of visual focus and convergence and that humans tend to regress to these tonic states
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whenever focal demand (including temporal variation) is low

3. Imbalanced parasympathetic and sympathetic innervations are involved

4. Neurophysiological evidence points to cascading perception via a Dorsal, fast perceptual processing
pathway (magnocellular flow) and a Ventral, slower pathway (both magno and parvocellular)

5. There are a variety of conditions, typically found in contact, contact-analog and imaging displays that are
likely to effect changes in both judgments of angular size and measured distance of accommodation.

These findings were consistent with the notion that visual accommodation was a candidate mechanism in mediating
perceptual errors like Stan’s periscopic micropsia and, possibly, the moon illusion. His conclusions included the
hypothesis that tonic or resting accommodation “competes” with the stimulus quality of the object of interest in the
visual scene (i.e., its focal demand) so that our distance of focus is always the competitive product of these two.
Leibowitz, Hennessey & Owens (1975) had demonstrated that: 1) under conditions of poor illumination or empty
field (low texture gradient) conditions the eye tended to lapse toward each individual’s tonic focus; and 2) that this
tonic focus distance is reasonably stable and readily measureable. Sample distributions of measured tonic focus were
roughly normal with a mean at about one meter.

Stan’s fundamental hypothesis was that the moon appears larger when it is nearer the horizon because focal demand
is higher and our distance of focus is more likely to be correctly distant. Alternatively, micropsia, requiring
magnification to correct, results from poor focal demand, as experienced when the moon is separated from the
texture gradient of the distant horizon and the resulting lapse toward tonic focus.

A series of univariate experiments had demonstrated that either focal demand and/or perceived size could be
manipulated using selected independent variables to include: Cue availability (Holway and Boring, 1941; Iavecchia,
Iavecchia, and Roscoe, 1983); Stimulus size (Gilinsky, 1954); Cue locations (Kaufman and Rock, 1962); Stimulus
contrast (Hamilton, 1964); Stimulus quality (Roscoe, Olzak, and Randle, 1976; Simonelli, 1979); Mandelbaum
effects (Benel, 1979); Optical distance (Enright, 1989; and Roscoe, Corl, and Couchman, 1994).

A Multivariate Psychophysical Experiment

The stage had been set for Stan to convince me to choose “something simple” to address for my long-delayed
dissertation research. THE NEXT TEN YEARS resolved themselves into a multivariate psychophysical experiment
that manipulated variables relevant to operational display design while measuring both distance of focus
(accommodation) and perceived size. Based on my requirements, Lou Corl, Stan’s generous and brilliant partner in
Illiana Aviation Sciences, Ltd., designed and built a testing system we dubbed TOBE (transportable optical bench,
experimental). The TOBE system supported a good number of functions to include: the binocular projection of an
artificial moon onto a bounded view of a real New Mexico vista, and measurement of line of sight comparative
moon size, pupil size, ambient light levels, and distance of focus using a computer-controlled polarized vernier
optometer. The system supported all the frames and mounting devices needed to conduct the overall experiment.

The independent variables selected included four “target” variables and four “scene” variables. A fractional factorial
experimental design permitted the manipulation of 3 levels of all § variables, as summarized at Table 1.

Table 1. Independent variables and levels manipulated in dissertation main experiment (Acosta, 2004).

Target Variables Scene Variables
TSZ: boon Size (degrese): 0.25, 0.5, 2.0 V'SR Filter {optical density): 1.7, 2.8, 4.0
TIHS: Optical Distance {diopters): 0.167, 0, 0167 | FOV: Field of View: IPD + 5, 10, 22.5 degrees
TLLME Luminance (candsllas/im2): 3.8k, 0.8k, 0.2k DINIY: Sereen Level: Clear, Grid, Screen
TFI) Foeal Demand Contrast: 0%, 30%, 20 % EYP- Tt (degrees): =10, 0, 10

Findings
Stan’s continuous insistence on precision and attention to total system detail, not to mention a legacy of solid

research, paid off. The experiment demonstrated reliable effects of all independent variables on both perceived size
and distance of focus, most strikingly represented in the robust mutual linear effect of optical density filters on both
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primary dependent variables (Figure 4). Solid linear effects on accommodation where present despite the fact that
projected moon distances where all within a range of 1/3 diopter and all at or beyond 6 meters, the clinical standard
for approximating optical infinity.

There were also reliable interactions among all of the independent variables and an inescapable observation that
visual accommodation could only account for part of the variable size perceptual phenomenon as reflected in the
spread among bivariate means relating distance of focus to measured relative moon size (Figure 5). The perceptual
drivers for the moon illusion and the micropsia of Stan’s periscopic display must include oculomotor components,
but, clearly include higher visual processing components. That tangled story is left to a future detailed presentation.
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Figure 4. Effects of full field optical density filters on both focal distance and relative moon size judgments.
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Figure 5. Bivariate plot of measured relative moon size as a function of outward focus (Acosta, 2004).
Conclusion

Stan saw his 87" year satisfied that his work relating visual accommodation to the perception of the size of distant
objects had been well done and that our latest effort had pulled much of his prior work into a cohesive and
comprehensible framework. To the very end he was excited about the next great idea and insistent that we needed to
get on with the next important bit of research and that—with that twinkle in his eye—the answers were out there—
ripe for the picking. That was Stan.
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A growing body of research has been directed at the human factors of Unmanned Aircraft
System (UAS) flight operations, yet up to now, virtually no attention has been given to the
human factors of UAS maintenance. The aim of the current research program was to identify
the challenges facing the maintainers of small unmanned aircraft systems. Unlike their
counterparts in conventional aviation, UAS maintenance technicians are responsible for the
functioning of an entire system, comprising airborne and ground-based components.
Challenges include absent or poor maintenance documentation, the need to make frequent
decisions about salvaging components, difficulties in troubleshooting software problems, the
maintenance of radio control model aircraft components, and the potential unfamiliarity of
UAS maintenance personnel with the culture and practices of the aviation industry. A “dirty
dozen” list of UAS human factors is proposed.

Unmanned aircraft range from small inexpensive, hand-launched micro air vehicles such as micro-
electric helicopters to large, high-altitude-long-endurance vehicles such as the Global Hawk. In between these
extremes are a vast array of vehicles and systems. As well as military applications, unmanned aircraft systems
(UAS) have many potential non-military uses, including law enforcement, firefighting, traffic monitoring,
aerial photography, agriculture, search and rescue, border surveillance, wildlife monitoring, power-line
inspection, minerals exploration and homeland security activities. At present, concerns about collision
avoidance are holding back the operation of unmanned aircraft in civilian airspace (Flight Safety Foundation,
2005). Assuming that this issue can be resolved, small, inexpensive unmanned aircraft may become a common
sight.

The most rapid growth in the emerging civil UAS sector may occur with small systems, defined here
as those in which the aircraft weighs less than 100 lbs. Technological developments, such as miniaturization of
sensor equipment and autopilot systems, and developments in battery technology, are allowing small unmanned
aircraft to perform tasks that would have previously required large, expensive aircraft. Large unmanned
systems are generally maintained by specialist maintenance technicians. However, small commercial UAS are
frequently operated by generalist teams of multi-skilled individuals who perform all ground tasks including
assembly, flight preparation, in-flight operation, and maintenance. Throughout this paper, the terms
“maintenance personnel” or “maintainer” are used to refer to anyone who maintains a UAS, even though the
individual also may perform other roles as a member of the UAS operating team.

The nascent UAS industry has an accident rate significantly greater than that of conventional aviation
(Williams, 2004) and human factors are emerging as major challenges to be resolved (McCarley & Wickens,
2005; Cooke, Pringle, Pedersen & Connor, 2006). If unmanned aircraft are to be permitted to share civilian
airspace with conventional aircraft, it will be necessary to understand the human factors associated with these
vehicles. Rather than eliminating the potential for human error, the removal of the on-board pilot may transfer
some of the risk of human error to personnel on the ground, including maintenance technicians. Furthermore,
tele-operated transport systems such as unmanned aircraft may be especially vulnerable to maintenance error
due to the absence of an on-site operator able to respond rapidly to an anomalous situation.
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A large amount of information has been published on human factors of airline maintenance, much of it
based on FAA-sponsored research (Johnson, 2006). Issues such as stress, distraction, and poor access for
maintainability are now widely identified as hazards in conventional aircraft maintenance. While recognizing
that these issues also apply to UAS maintenance, this research was focused on issues that uniquely affect UAS
maintenance.

The research approach

The objective of the research program described in this paper was to identify the human challenges in
maintaining small UAS. For the current purposes maintenance was defined as any activity performed on the
ground before or after flight to ensure the successful and safe operation of the system. This definition covers a
wide range of ground-support activities including assembly, fuelling, updates to software, and pre-flight
testing. As this was an area that had not been examined previously, the research involved the gathering of
qualitative information that would enable broad issues to be identified. Three approaches were used to gather
data. First, a series of site visits were made to UAS maintenance or manufacturing facilities, and UAS flight
operations were observed. Second, structured interviews were conducted with UAS maintenance personnel.
These interviews focused on the qualifications and skills of maintenance personnel and the challenges they face
in the course of their work. Details of this stage of data collection can be found at Hobbs and Herwitz (2006)
and Herwitz and Hobbs (2006). In a second round of interviews, questions focused on the specific tasks
performed on UAS components, including ground systems such as computers. A summary of the results can be
found in Hobbs and Herwitz, (2009). The sections below outline some of the key differences between the job
of UAS maintainer and that of a conventional aircraft mechanic.

Emerging human factors in UAS maintenance

The task of maintaining an unmanned aircraft system. A significant difference between UAS
maintenance and conventional aircraft maintenance is that the UAS maintainer is responsible for a complete
system, comprising the aircraft, a diverse set of ground-based equipment, and the links between these elements,
(see Figure 1). While the aircraft may be the most obvious element of the system, the ground based elements
also require attention and maintenance.
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Figure 1. In conventional aviation, the aircraft maintenance technician is responsible for the airworthiness of an
aircraft, whereas the UAS maintenance technician is responsible for a system comprised of diverse elements,
including the aircraft, radio transmission equipment, modems, computers, and in some cases, handheld
controllers and launch/recovery equipment.
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Key differences between a UAS and a conventional aircraft are:

e Commercial “off the shelf” desktop or laptop computers are likely to be part of flight system.

o System elements frequently assembled and disassembled between flights.

e Modular construction facilitates repair by replacement and shipping of components to specialist repair
facilities.

o Unmanned flight is not possible without functioning avionics and/or communication equipment.

e Some UAS components were originally intended for radio control model aircraft, and have limited
reliability data.

¢ Payload is more likely to interfere with operation of aircraft, e.g., through electromagnetic interference.

Shift of risk. The introduction of unmanned aviation shifts the balance of risk in ways that must be
understood by maintenance personnel. In conventional aviation, the safety risks associated with flight are in
large part borne by the people who receive the benefit of flight, i.e., flight crew and passengers. Sometimes
referred to as “shared fate,” a threat to the safety of a conventional aircraft is also a threat to the occupants of
the aircraft.

In unmanned aviation, the beneficiaries of the flight remain on the ground, and the safety risks are
borne largely by non-involved individuals -- occupants of conventional aircraft, people under the flight path of
the aircraft, and property owners. With no on-board lives at risk, the maintenance person is not necessarily
conducting maintenance for the safety of specific identifiable individuals, but for the safety of the community
as a whole. The public tends to demand especially high safety standards for technologies that are new, are not
well understood, and where exposure to risk is involuntary (Slovic, 2000). For these reasons, there may be a
low public tolerance of incidents involving unmanned aircraft, even when the consequences are limited to
property damage.

Diverse skill and knowledge requirements. The UAS maintainer, whether a specialist or generalist,
requires a skill set beyond the traditional skill and knowledge requirements of aviation airframe and powerplant
mechanics. In addition to the maintenance of an engine and airframe, a UAS technician can be expected to
interact with computer systems, micro autopilots, radio communication equipment, modems, and, in some
cases, satellite phones. Ensuring the data link between the ground control station and the aircraft takes on a
level of criticality not present in conventional aviation because the loss of communication is more likely to
result in the loss of the aircraft.

Lack of direct feedback on aircraft performance. In conventional aviation, the on-board pilot has a
direct experience of aircraft performance via the handling qualities of the aircraft, as well as sounds, vibrations,
and even smells. With no on-board pilot, UAS maintenance personnel lack a key source of information about
aircraft performance. To some extent, automated in-flight monitoring provides an alternative source of detailed
information. However automated monitoring systems can at times provide an overwhelming volume of precise
data with relatively little consolidated information.

Maintenance and fault diagnosis of IT systems. For most small UAS, the “cockpit on the ground” is a
standard laptop or desktop computer exposed to the hazards of outdoor operations such as moisture, dust and
temperature extremes. Computer system administration tasks now take on flight safety importance because
system failures, such as screen lockups or software slowdowns that would be minor irritations in an office
environment, can present significant hazards if they occur during a flight (Hobbs & Herwitz, 2008).

Fault diagnosis in software-based systems can be significantly more difficult than with
electromechanical systems. Mysterious, ill-defined faults such as computer slowdowns, screen freezes, or
radio frequency interference are sometimes resolved without the UAS technician understanding why the fault
occurred, and whether their actions corrected the underlying problem or merely removed the symptoms.
System re-boots are common responses to computer problems as illustrated in the following incident report
(Hobbs & Herwitz, 2008).
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“The desktop computer, which was serving as the ground control system, locked up while the
unmanned aircraft was in flight. The PC-based computer was housed in the ground control station
trailer. The only alternative was to re-boot the computer, and this took about two to three minutes
before command-and-control was reestablished. The unmanned aircraft’s flight path, however, was
already uploaded so there was no effect on the flight sequence.”

Model aircraft culture. The personnel who maintain small UAS tend to have a background in radio-
controlled model aircraft or engineering, and relatively few have experience in commercial aviation
maintenance. These personnel may possess attitudes to risk that are significantly different to those held by
qualified aircraft maintenance technicians. For example, they may be accustomed to operating without formal
procedures or checklists, and may be unfamiliar with the ethics and standard practices of aircraft maintenance.

Task performance in the absence of documentation. Document design has been identified as a critical
performance shaping factor in conventional aviation maintenance (Drury, Sarac, & Driscoll, 1997). Small UA
generally have rudimentary flight manuals, however many are delivered without maintenance documentation.
Users generally develop their own maintenance checklists and procedures to guide routine tasks such as system
assembly, and scheduled pre-flight checks. However, for troubleshooting and corrective maintenance,
maintainers may have no choice but to rely on “knowledge in the head” or “trial and error”.

Salvage decisions. Compared to conventional aircraft, small unmanned aircraft are more likely to
experience damage caused by events such as hard landings, contact with water, or landing in trees. Unmanned
aircraft also tend to be less waterproof than conventional aircraft leading to a greater chance of water damage to
internal components. To a greater extent than in conventional aviation, UAS maintenance personnel will be
required to make judgments about the salvage, testing and re-use of components from damaged UA. In the case
of modular aircraft designs, an apparently undamaged modular unit may have an unseen defect.

Repetitive assembly and handling. In contrast to conventional aircraft, most small unmanned systems
are designed to be reassembled and disassembled before and after each flight, necessitating the frequent
connection and disconnection of electrical, fuel and data systems. The probability of an error during a single
connection task may be relatively low, in the order of 0.001 (Kirwan, 1994). However UAS maintenance
personnel are exposed to this risk on a regular basis, and consequently the chance of an assembly error or
maintenance-induced damage may become significant over the course of months or years. The following
example illustrates an assembly error involving a small hand-launched unmanned aircraft:

“After departure the unmanned aircraft performed unusually slow rates of turn to the right and tight
turns to the left and struggled to track as designated by the operator. Approximately seven minutes
into the flight, the outboard section of the right wing separated from the centre wing section. The
aircraft immediately entered a rapid clockwise spiral before impacting the ground. The most likely
explanation for the crash was that the outboard section of the right wing was incorrectly attached
during pre-flight assembly and from launch it flew with difficulty until the wing section eventually
separated.” (Hobbs & Herwitz, 2008).

Risk associated with maintenance or disturbance of ground equipment while missions are underway.
The cockpit of a conventional aircraft is beyond the reach of maintenance personnel once the aircraft is in
flight. In contrast, the ground station of a UAS is always accessible to maintenance personnel on the ground.
They may be required to perform corrective maintenance while a flight is underway, or may carry out other
actions that could potentially impact system performance. For example, an in-flight problem may require
troubleshooting of ground equipment, the checking of cables, or a re-start of the ground control computer. A
maintenance technician interacting with a live system requires a clear understanding of the operational
implications of the planned intervention. The technician must also consider the potential effects of errors,
whether mistakes such as misdiagnosing a fault, or simple slips such as tripping over a cable. Even a brief
interruption to a computer’s power supply can have an extended impact if it leads to a slow re-boot sequence.
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Conclusion

Technological developments have increased the capabilities of unmanned aircraft systems to the point
where they can now potentially serve a large range of non-military purposes. Despite the absence of an on-
board pilot, human factors are emerging as key issues in this sector. As automation decreases the role of
humans as direct physical controllers of unmanned aircraft, it is possible that maintenance and other ground-
support activities will become increasingly important.

The maintenance of unmanned aircraft systems introduces a new set of human factors in addition to
those that apply in conventional aviation maintenance. The “Dirty Dozen” list has been widely used to educate
airline maintenance technicians about human factors (Dupont, 1997). Table 1 contains a proposed “UAS Dirty
Dozen” intended to raise awareness of the emerging maintenance human factors in small UAS operations. Each
of the 12 issues is illustrated with an example of a dangerous attitude or situation. This list will be updated as
more is learned about this topic.

Table 1: A “Dirty Dozen” for small UAS maintenance.
Issue Example

1. Mysterious software faults I don’t know why the software did that. I'll just re-boot it.
I'll just swap the card.

2. Lack of checklists for routine tasks | don’t need a checklist, | do this procedure all the time.

3. Assembly and handling I've assembled this system hundreds of times.

4. Laptop maintenance Need to check your email? Use the ground control
laptop.

5. Awareness of risk to public No-one’s life is at stake here.

6. Salvage decisions We can re-use that component, it doesn’t look damaged.

7. Payload interference with aircraft This is just a small change to the payload

8. End-to-end connectivity All the individual components are working, | guess it will
work when we connect it all up.

9. Disclosure and sharing of information I don’t want my competitors to know about this problem.
| don’t want the FAA to find out.

10. Trial and error repair and troubleshooting Not sure how this goes back, but that looks right.

11. Frequency management No one else seems to be using this frequency.

12. Disturbance of ground equipment during Let’s move the ground control computer into the shade.

flight

Confidential reporting systems such as NASA’s Aviation Safety Reporting System (ASRS) have been
valuable sources of human factors information in conventional aviation. The emerging UAS industry, where
safety issues are least understood, lacks a confidential incident reporting system. Any future UAS reporting
system must include maintenance personnel. In the course of discussions with UAS operators, it became
apparent that concerns about commercial confidentiality and FAA enforcement action are currently suppressing
the open disclosure of incidents, which in turn may make it difficult for the UAS industry to learn from
experience.
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The Technological, Financial, and Social Realities That Are Defining the Aircraft
Mechanic of Tomorrow

Glen R. Gallaway
Federal Aviation Administration
Washington, DC, USA

(Disclaimer: THE FINDINGS AND CONCLUSIONS IN THIS DOCUMENT HAVE NOT BEEN FORMALLY DISSEMINATED BY
THE FEDERAL AVIATION ADMINISTRATION AND SHOULD NOT BE CONSTRUED TO REPRESENT ANY FAA OR
DEPARTMENT OF TRANSPORTATION VIEW, DETERMINATION, OR POLICY)

Today it is becoming increasingly difficult to describe maintenance roles because an
enormous number of once stable factors affecting the maintenance person and process are
changing. Technology changes like software based aircraft, air/ground/satellite/airport system
integration, highly complexity systems, and other technology issues are not currently part of a
maintenance person’s normal skill set but are already part of aircraft maintenance needs.

Many of the change issues that are considered to be “TECHNOLOGY™ initiated but usually
are caused by changing financial and/or social requirements that has occurred. This is a circular
result in that when technology changes occur it further drives financial and social changes. I feel
that because this cycle has been going on for so long that people have accepted the spiral and
failed to keep track of the state of the industry. All the changing factors must be identified and
dealt with as a basis for redefining the role of “Aircraft Maintenance Person”.

In the field of aircraft maintenance, major change has been occurring for years and much larger changes are on
the horizon. Traditionally the changes occur in the technology aspect of aircraft maintenance and technology is
definitely experiencing the most far reaching and complex changes in its history. This includes the extensive
computerization of aircraft systems, major increases in the use of automation, support systems complexity, and the
tightly coupling of air/ground/satellite/airport systems that is under develop as part of the NextGen (next generation)
airspace initiative. [Note: This article will concentrate on computerization technologies in the maintenance task].
Accompanying these changes are some dark clouds of business issues that are making the maintenance function
more of a challenge. These issues include (but are not limited to): In the labor arena there is purported to be a
shortage of maintenance personnel; lack of interest in the profession because they can make more money in car
dealerships; lack of interest in the work because of the inherently difficult working conditions; FAA training
requirements for certification don’t match the new technologies so maintenance people haven’t developed the
needed skills after completing authorized training; Younger people are not interested in this field partially due to the
strict rule enforcement; The new technologies are driving skills and training requirements ever higher which is a cost
and time issue for the potential maintenance person. Then there are substantial changes also taking place in the
businesses involved with building aircraft and support systems; the airlines; and the maintenance / repair stations.
These business issues include: The ever increasing cost of building, implementing, and operating new technology
based aircraft; business viability due to competition, fuel cost, labor, and reduced demand. Because numerous
foreign countries are able to perform aircraft maintenance at substantially lower cost than in the US, 70 % of our
transport aircraft now have heavy maintenance performed off shore (reducing demand of US ma and introduces
potential for problems that would be prevented in US repair centers. Add to this list of issues is the difficulty of the
regulators to keep up with all these technical and sociotechnical issues and synthesize guidance for the future.

Because so many of the technical, labor, business, and regulatory sub-fields of aircraft maintenance have
traditionally operated and been managed independently of each other, it has been difficult for any one organization
to grasp how the whole maintenance process works. This also means that there has been minimal knowledge
developed about how changes in one sub-field have impacted others and how to adjust for change. This may be one
reason that the industry as a whole has not been aware that all the changes were occurring in the individual subfield
areas and therefore has not assessed the collective major negative impacts the changes were having on the industry.
A number of people saw the convergence of problems coming, knew that a broad infrastructure solution was needed,
but were not in a position to address more than their piece of the problem. Worse yet, the changes that were
occurring in these so called independent sub-fields often were having a ripple effect economically, personnel wise,
and technology wise that were only identified after the ripple has affected the next sub-field.

26



And to put the impact of the current changes are having in perspective, it is important to note that in the past we
might only have to deal with small/slow change over long periods of time, and now we are now dealing with
accelerated changes in everything. Table 1 gives us a sense of the rate of and size of changes that are occurring with
a result that maybe we are not able to adapt to these changes in a way that will ensure that me meet aircraft
maintenance needs now and in the future. How well these changes are managed will also impact the safety of the
aircraft and related systems that must be maintained.
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Seven Measurement Scales of Change

SPEED of CHANGE — When change occurs faster that people can understand and adapt.

SIZE OF CHANGE - The larger the change the larger the increased potential for problems adapting and accepting change.
NUMBER OF CHANGES — As number that concurrently change, the more difficult they will be to address.

ABILITY TO ADAPT TO CHANGE — As other measures increase, the ability and resources to deal with the changes will decrease.
IMPACT ON LIFE STYLE- Changes outside one’s believes, interest, acceptance.

COMPLEXITY - Complexity and technology that is outside one’s ability to understand, knowledge, or learn.

FINANCIAL — Aviation costs continue to climb and can quickly skyrocket with market changes like fuel costs.

A Sl

Figure 1 Safety Will Rise or Fall Depending On How Well the Changes Are Addressed
The Big Picture and Collective Impact

Because there are so many sub-fields that make up the actual process of aircraft maintenance, the industry has
had difficulty determining the collective impact of the individual sub-field changes on the process. And because of
the lack of a consolidated view, it has been hard to know what the problems are, determine their magnitude, know
the extent of the problem, and what action should be taken. So it is obvious that a big picture view is necessary to
deal with the changing aircraft maintenance field. This means that we must look across all the changes occurring in
the maintenance field and find approaches that will direct it’s future. Figure 2 shows some of the sub-field areas that
need to be looked at and tied together to establish the big picture of maintenance sub-fields that need to be tied
together to provide the state of the industry view.
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Figure 2. Integration of Issues to Create the State of the Industry View.
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Major Changes Have Occurred in Maintenance Personnel’s Job

By looking at a high level history of aircraft maintenance we can see how changes in aircraft roles, technology,
financial issues, and personnel both caused or altered what was thought of as the process of aircraft maintenance.
As we go through this history, notice that the changes that occur are usually increasing the complexity of the
process, require increasingly more skilled maintenance personnel, were trying to reduce the amount of maintenance
needed, and more recently trying to use automation to eliminate large portions of the high tech maintenance process.

In the good old days an aircraft mechanic’s job was well defined. Everybody knew the job was those tasks that
were performed by the people with the big wrench in there hand. When something needed fixin’ they would have
specific procedures to perform the repairs. Over the years the wrench would not fit on all the electric parts that
began to show up on aircraft. Then came electronics and the wrench was only good for tapping on those new
fangled radios and guidance boxes. Although tapping sometimes worked to fix lose connections, the mechanic had
to develop new skills to work on these devices. So mechanics, electronic device vendors, and device repair shops,
teamed up to service and repair these devices (an increasing level of complexity to repair). These electronic devices
began the process of sending electric messages through the aircraft between devices and those messages could break
and had to be fixed. To this point the changes did not drastically change the maintenance job. Then some more new
contraptions called computers were being used to do tasks on aircraft. Now the wrench had to be kept away from
these devices because tapping a computing device might damage it. What to do. The mechanical skills and the
electronic skills that the mechanic had developed were not enough to service and repair computers. Until this point
the work the mechanic had to do was usually physical things that they could see, touch, measure, and replace.
Although the computer has the “see and touch” component of work they now have a few new wrinkles. They had
programs (software) that performed functions, but they could not directly be observed. They had to be dealt with by
indirect means through things called displays, keyboards and other test equipment that may also be software based.
Service and repair of these computer devices where further confounded by stuff that the programs worked on called
data. The data could also break and had to be serviced and repaired. These computer contraptions where so neat
(and held great potential to that people began using them for everything. The designers found that they could add
many functions in one device could have many computer devices work together and pass data around to be
processed and perform many aircraft functions. There were many reasons why these ideas were so attractive
including provided new capabilities and at perceived cheaper cost. On the down side, the users often had more
difficulty using the devices, and servicing and repairing them was becoming an increasing challenge for the
mechanic and the computer specialists that were now a part of the maintenance organizations. The mechanic’s
dilemma was that the mechanic did not have the skills and training to deal with computer devices. So shifting the
work to the computer specialist currently seems to be an appropriate solution for this changing technology.

Computers now are being used as the basic tool to introduce automation to the aircraft from the cockpit to the
maintenance process. From a users view, work is supposed to be easier with automation. This is also true for
maintenance people when the automation is working but introduces increased problems when the automation fails
and it has to be repaired. This emerging philosophy of “automate everything” brings use to today’s dilemma of
understanding what should, how should, when should, why should automation be employed and how do we best use
the human maintainer in the maintenance process of the future.

Software and Automation in Maintenance Task - Make No Assumptions

The software industry has shown that automation technology is becoming increasingly more competent, but is it
ready to take over large portions of the maintenance process for the next generation of aircraft and the next
generation of the integrated ground/air/satellite/airport systems? Here are a few points that suggest that this may be
at best a practical solution that should be cautiously applied.

There is a movement in the development of the next generation of aircraft and air/ground/satellite/airport
integration systems maintenance to think of software and automation as the primary solution for improving
effectiveness, reducing cost, and reducing direct human involvement (assumed to be a good thing for a number of
reasons). A little evaluation of the viability of this concept will help us realize that we should not be in a hurry to
eliminate the role of the human maintenance person.
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Software Is Never Completely Tested — All Problems Are Never Identified

Because of the complexity and variation of the functions performed by software, data used, and users’
interactions there is much of a software application’s operation that never is evaluated/tested. This means that many
of the problems and errors encountered in use have not been identified by the programmers and therefore have no
error correction provided. The human is therefore the only resource available to resolve those issues and they are
often the more obscure, difficult to understand types of errors.

Automation Will Only Be a Particle Solution

Some system developers think that the maintenance of aircraft computer systems (and linked devices) should be
completely automated including the monitoring of operations and self correct any software or data problem and
compensate for any hardware problem. These systems would also provide explicit instructions for the humans to
intervene in the rare case that the computer cannot deal with the problem.

The automation solutions that are applied to aircraft systems must provide quick, accurate, and safe control
and/or problem resolution. The following paraphrased statement suggests that the state-of the-art solutions of our
advanced computer programs are helpful but not necessarily going to replace the aircraft maintenance person for a
while. If current automation is going to depend on probability and conjecture based solutions as described below, it
probably will not meet the safety levels required in the aircraft industry.

Current traditional automation and “artificial intelligent programming techniques are in a
transition from narrow, carefully defined domains to real-work situations in which systems learn
to deal with complex data and adapt to uncertainty. Today, systems can perform useful work in a
very large and complex world. Because these small [software] agents don’t have a complete
representation of the world, they are uncertain about their actions. So they learn to
understand the probabilities of various thinks happening, they learn the preferences [of users]
and costs of outcomes and, perhaps more important, they become self-aware” (Anthes, 2009).

The rest of the story about how bright these computers can be today is also suggested by Anthes in his
concluding statement which follows: “We still hope that some time in the future computers will be as
intelligent as we are but it’s not a problem we’ll solve in 10 years. It may take over 100 years.” (Anthes, 2009)

With these inputs I am going to assume that the human is going to play a large role maintaining the next
generation of aircraft and air/ground/satellite integration operations.

The Place of Automation and Human in Future Aircraft Maintenance Systems

Way back in 1983 L. Bainbridge stated the following purpose of automation. It is to replace human manual
control, planning and problem solving by automatic devices and computers. But some of her colleagues pointed out:
"even highly automated systems, such as electric power networks, need human beings for supervision, adjustment,
maintenance, expansion and improvement.” Therefore one can draw the paradoxical conclusion that automated
systems still are man-machine systems, for which both technical and human factors are important.” It was suggested
that the increased interest in human factors among engineers reflects the irony that the more advanced a control
system is, so the more crucial may be the contribution of the human operator. (Bainbridge, 1983)

Non Automation of Maintenance for the Newly Complex Computerized Everything

There are also aircraft maintenance issues when automation is not incorporated into the highly integrated,
complex computer systems.

Limited Attempted Implementation
There are probably only a few systems that are being designed with these goals in mind. Organizations that are
making components (that may or may not work in a system environment) will not automatically implement any or
the same maintenance processes as the next organization (currently no industry standard). Consequently the devices

probably won’t have the same service and repair process.

No Required Implementation Means Initial Cost Lower / Operational Cost and Life Cycle Costs Much Higher /
Safety will be an Issue
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With no pressure to implement “design-for-maintainability” and/or maintenance automation, many
organizations that only build/sell devices/system will not be inclined to spend the money to implement. If they are
directed to deal with life cycle costs, then implementation will be of great benefit. With no designed for
maintenance automation, the task of maintenance requires a human solution and the labor, cost and safety problems
will grow during the life cycle of the device/system.

Maintenance Systems Need Maintenance and Automated Systems May Be Unable To Do the Job

A key point is that the when the self maintenance automation doesn’t work or the guided service and repair
systems have problems (which they will) they will have to be serviced by another smarter computer and/or a human.
Now we have added another level of complexity. The complexity of the problems that will be turned over to the
human could make it very difficult and time consuming to make corrections.

The Challenge — Preparing for the Future

Most of this paper has discussed both the state of the aircraft maintenance industry and about the thinking about
replacing people maintainers with automation of one type or another. I have suggested that it is highly unlikely that
our very sophisticated computer systems located in aircraft, aircraft support systems, airport systems, air traffic
control systems, and all the other related systems will be able to eliminate the human maintainer in the near future. It
is projected that the traditional description of the maintenance function probably will have to drastically change.
Many tasks not traditionally attributed to the current maintenance person’s job (including dealing with complex
computer functions, configuration management, software/hardware version updating and control, data management,
data repair, security or maintenance systems and data, interfacing with electro mechanic systems and traditional
maintenance, etc., etc.) may become part of this job. Someone is already doing these functions on modern aircraft
but not under the traditional maintenance job classification.

The Rest of the Story — Financial and Social Realities That Are Defining the Aircraft Mechanic of Today and
Tomorrow

As you were reading about the changes occurring in the maintenance process and industry, how often did you
translate the technology drivers into the underlying financial, personnel, and social underpinnings of those
technologies? If like many people, you seldom or never thought about the causation of change which is often a
result of financial, personnel, social, or other practical reasons that result in technology and process change. This is
a circular argument in that when financial, personnel, and social changes drive technology changes, these
technology changes further drive additional financial and social changes. Because this cycle has been going on for
so long people have accepted the spiral and pay little attention to the causal issues and the cumulative state of the
industry caused by the changes.

Financial and Social Drivers to Develop a State of the Industry

There are numerous issues that will bring substantial financial pressure to our industry to identify the state of
the industry and to develop solutions to resolve those issues. Among those issues are: Technological complexity
may be advancing faster than the maintenance process can address it with the financial impact it will be difficult to
economically maintain aircraft from a life cycle view. There may not be enough people being trained with the skills
that will be needed for new technology and there will be a great shortfall of trained maintenance personnel with new
and traditional skills. This shortage could impact maintaining the market or limit its expansion. Automation will be
employed to reduce some costs but from a systems view in a life cycle environment it could actually be more costly
to maintain highly automated systems.

As the aging maintenance workforce retires the work ethic, objectives, and style is changing. This change is
having far ranging impact on accomplishing safe, effective repair. Because of salary pressures on airlines,
maintenance personnel can find much better salaries at auto dealerships so the airlines are not competing. Work
conditions and schedules are issues that were accepted by older workers but are not tolerated by younger works. A
huge number additional social issues have developed over the years and many will have to be resolved before the
social aspect of the maintenance job will be seen as a desirable.
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What Needs to be Done?

Traditional thinking would suggest that we identify the problems and fix them so they work as well as they used
to. But the “used to” has gone away. This realization should lead the industry to think of the maintenance process
needing a new beginning. By evaluating the needs of the customer (system, devices, airlines, repair stations,
maintenance people, etc.) (Gallaway, 2006, 2007) a picture of the maintenance industry role for the future can be
built. This would then be followed buy specific action plans to deliver what was needed. By openly addressing the
financial, personnel, and social requirements through the development of the new process, the new process can meet
the industry need.

Working on the Future

The maintenance industry no longer has the option to continue on it’s lassie fair path any longer if the
maintenance industry wants to provide aircraft maintenance services in the future. The conclusion is that this
industry must benchmark its state, identify the current and future needs for maintenance, determine what the
maintenance person will need to know and be able to do, develop standards for work sharing between automation
and humans, look at alternatives to meeting maintenance service, and begin the shaping and resolving of issues to
meet safety and business needs, and identify how the process should be managed

The FAA Flight Standards Division has initiated a research program to start the process. This work will be
supported by representatives from industry, government, academia, labor. It will also be well grounded in financial,
social and regulator requirements of the industry.
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We describe recent developments in an ongoing program to design work-centered C2 support for a
military airlift organization. Work-centered design tailors support to the cognitive and
collaborative demands of the work. A coordinated suite of visualizations was developed to support
synchronized replanning in response to dynamically changing conditions by revealing the inter-
relationships and constraints across multiple missions distributed in time and space. Support
included the ability to perform ‘what if” simulations across multiple missions so as to assess the
impact of a change in one mission on other missions. An empirical evaluation was conducted
comparing target user replanning performance on multi-mission synchronization problems when
using the new tool vs. a comparison tool representative of their current computer systems. The
results revealed statistically significant improvements in solution times (three times faster), quality
of solution (a third as many errors), situation awareness and workload, reinforcing the value of
work-centered design.

This paper describes recent developments in an ongoing program to design work-centered command and
control (C2) support for a military airlift organization (Scott et.al, 2005; Wampler et al., 2005; Roth et al., 2006;
Roth et al., 2007). Work-centered design (WCD) focuses on developing visualizations and decision aids that are
adapted to the cognitive and collaborative demands of the work (Eggleston and Whitaker, 2002; Eggleston, 2003).
The WCD approach emphasizes acquisition and analysis of work domain knowledge to (1) identify key tasks
requiring supportive intervention, (2) discover critical aspects of each such task, and (3) create visualization and
control features tailored to facilitating the task from the decision maker’s point of view. Work aiding is provided
through a combination of visualizations that enable practitioners to directly perceive work goals, affordances and
constraints (representational aiding) and direct aiding whereby machine intelligence is used to synthesize and
present needed information in the context of work visualizations (e.g., alerting to problems or suggesting solutions).
These innovations are collectively referred to as work-centered support services (WCSS). This paper reports on the
design and evaluation of such WCSS concepts to enable more effective multi-mission synchronization during
dynamic mission replanning.

Overview of the Context of Work

The military airlift organization is an air operations center (AOC) responsible for planning, scheduling and
tracking of airlift and air refueling missions worldwide. Missions are initially planned by mission planners. Twenty-
four hours prior to a planned mission launch, responsibility for the mission is transferred to a C2 center (referred to
as the ‘execution floor’), which is then responsible for handling any last minute changes and problems that might
arise during mission execution. Up to 90% of missions are not executed as planned. Handling last minute changes
is a complicated activity that must take into account issues such as balancing competing airlift demands; ensuring
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diplomatic clearances (DIPs) for landings in and over-flights of foreign nations; considering airfield, cargo and
aircrew constraints; and providing for aircraft refueling requirements (e.g., in-air refueling). One of the most
constraining factors is parking MOG (Maximum On Ground) at an airfield. This is the maximum number of aircraft
that can park at an airfield. Execution floor personnel do not currently have an effective way of visualizing all these
factors and how they are related in order to understand the full impact of mission changes that might arise during
execution and what further repercussions any possible solutions might have. Inefficient re-planning can be very
costly and include the costs for fuel, wasted crew time, and delayed troop and cargo movements, for example.

The WCD team has been studying the organization and activities of mission planning and execution floor
personnel, and developing WCSS for them, since 2004 under an advanced technology development program entitled
Work-centered Interface Distributed Environment (WIDE). In Spiral 1 a timeline prototype designed to support
execution floor personnel in identifying repercussions of temporal changes in missions was developed and evaluated
(Roth, Stilson, Scott, Whitaker, Kazmierczak, Thomas-Meyers, and Wampler, 2006). In Spiral 2 the prototype was
expanded to include additional visualizations to improve the ability to perform dynamic replanning to support ‘pop-
up’ requirements (e.g., when an aecromedical evacuation mission is needed; or aircraft malfunction requires a re-
allocation of resources to support a high priority mission). These capabilities were shown to positively enhance
situation awareness (SA) and dynamic replanning (Roth, Scott, Whitaker, Kazmierczak, Forsythe, Thomas, Stilson
and Wampler, 2007).

In this latest phase of the program (Spiral 3) the WIDE prototype was expanded to support the ability of
execution floor personnel to maintain SA of the relations among multiple missions. The objective was to enable
execution personnel to consider constraints across multiple missions simultaneously as they create and replan
missions in response to changing conditions (e.g., a delay due to aircraft malfunction or weather).

Overview of Knowledge Acquisition Activities and Results

The focus of knowledge acquisition and design in Spiral 3 was on a subgroup of C2 execution floor personnel
that are responsible for planning and managing missions for a set of ‘tails’ (aircraft) that are resident in theatre
(Theatre Direct Delivery of TDD). TDD was selected because it represents a ‘microcosm’ that encompasses the
range of mission planning activities at the AOC including tail resource management, mission planning, mission
monitoring during execution and dynamic mission replanning. While TDD provided the central focus, the goal was
to develop capabilities that would generalize to all AOC personnel engaged in dynamic mission replanning. The
Knowledge acquisition (KA) activities in Spiral 3 involved a combination of structured interviews, field
observations and feedback on early design prototypes. The results revealed that major challenges included:

e  Understanding and dealing with repercussions of mission changes (either delays or missions leaving early), both
for the original mission and other missions (e.g., follow-on missions that were scheduled to use the same tail or
other missions that were planning to pass through the same airfields).

e  Understanding and dealing with repercussions of sudden reductions in anticipated resources available to satisfy
mission movement requirements. This includes dealing with cases where the number of available tails is
unexpectedly reduced (e.g., because of a broken tail, or a need to take-away a tail for a higher priority mission)
and cases where airfields were temporarily closed or the number of parking spots at an airfield were temporarily
reduced (e.g., because of construction work or a broken tail).

Handling these situations required understanding:

e The purposes of the missions and their relative priority (e.g., what cargo and passengers were they carrying?
What is the priority of the cargo being carried? What was the formal priority level of the mission?).

e Individual mission characteristics and constraints (e.g., the mission itinerary, constraints on the type of aircraft
suitable for mission needs, crew duty day constraints, airfield operating hour constraints, DIPS constraints,
cargo constraints such as the required delivery date, and whether the mission is already in delay).

e Constraints across multiple missions (e.g., does this mission have a follow-on mission that is planned to use the
same tail or that is otherwise linked to the mission so that a delay in one will force a delay in another? Does this
mission go through an airfield that has a potential MOG problem so that the mission will not be able to land
because there are no landing slots available or if it lands will cause a MOG situation making it impossible for
another aircraft to land at the airfield?).
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The results of the KA made clear that the current legacy tools provide limited support for these cognitive
aspects of mission planning and replanning. Currently personnel utilize multiple, unintegrated, systems that include
a database tool that presents updated mission information in tabular format; a Station Coordinator Tool that provides
information on tails scheduled to land at a given airfield (one airfield at a time); and a ‘homegrown’ static
visualization developed in Visio by the TDD personnel themselves that allows them to keep track of missions, what
tail each has been assigned to, and their status, by manually updating the information as it comes in (See Figure 1).
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Figurel. Representative screens from software tools currently used by TDD personnel to plan and monitor
missions. These tools are unintegrated and provide limited visibility into the repercussions of mission changes.

Analysis of the KA results suggested opportunities for more effective cognitive support for mission monitoring
and dynamic replanning. This included:

* A dynamic ‘Big Picture’ mission-level overview visualization that is analogous to the static Visio display in
terms of cognitive support, but that is automatically updated, and flags repercussions of changes within and
across missions.

*  Visualizations that enable simultaneous consideration of multiple constraints across missions during mission
planning and replanning. These would facilitate rapid assessment of single mission constraints (e.g., crew duty
day; Required Delivery Date; OPS hours); and multi-mission constraints (e.g., MOG); and would provide the
ability to perform ‘what-if” analyses to assess the repercussions of changes within and across missions.
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Overview of Spiral 3 Design

The support requirements identified based on the KA and analysis activities were used to guide the development of
WIDE Spiral 3 display concepts. A suite of three coordinated views were developed to support synchronized
replanning by revealing the interrelationships and constraints across multiple missions distributed in time and space.
Users are able to make changes to one or more missions in ‘what if” simulation mode and see the impact of those
changes on other missions. The three views include:

®  a multi-aircraft timeline display. This view allows users to see mission details (individual sorties, crew,
airfield, cargo) organized on a timeline. Users can see relationships among missions (both for a single tail and
across multiple tails) and assess effects of changes to one or more missions on other missions.

®  q multi-airfield timeline display. This view allows users to see all the tails going into and out of a specific
airfield. The time duration during which a given aircraft is on the ground at that airfield is highlighted, but the
rest of its mission (as well as subsequent missions) is also shown. This allows the user to de-conflict MOG
situations more easily by enabling the user to move missions and see the impact on both that mission (e.g.,
exceeding crew duty day) as well as on other missions (e.g., creating a MOG situation for another mission.)

®  a multi-aircraft mission-level overview display. This mission-level timeline view allows the user to maintain
high level SA of how tail resources are being allocated to missions, as well as the objectives and status of the
missions they are currently monitoring (e.g., itinerary, cargo, priority, delivery date requirements). It provides a
dynamic ‘Big Picture’ equivalent of the static Visio display currently used by TDD personnel, allowing users to
make changes in ‘what if” simulation mode and immediately see the repercussions across missions.
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Figure 2. Snapshots of the three main WIDE Spiral 3 prototype views. These views are dynamically linked and
allow users to make changes in ‘what if” simulation mode and see the impacts across missions and views.
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These three separate displays are dynamically linked so that any change that is made in one view (using a
‘what if” simulation mode) is immediately reflected in the other views. (See Figure 2).

Spiral 3 Evaluation

An empirical evaluation of the WIDE Spiral 3 prototype was performed. Ideally the WIDE Spiral 3 designs
would be compared to the current legacy tools being used on the execution floor. However a variety of technical
and organizational obstacles precluded this option. Consequently we developed ‘information equivalent surrogates’
to use as a baseline comparison. The surrogates were equivalent to their legacy counterparts in the sense that they
provided the same information and required similar integration of information across displays to come up with
problem solutions. Execution floor participants in both the pilot study and the main study readily accepted the
surrogate displays as reasonable equivalents to the corresponding displays on the floor.

The evaluation study compared the performance of 12 execution floor personnel using the WIDE Spiral 3
prototype to their performance using the information equivalent surrogate displays on comparable multi-mission
synchronization problem scenarios. Scenarios described mission changes, and required the participants to assess the
impact of those changes on a given mission, it’s follow-on mission(s) and other missions passing through the same
airfields, and to generate a revised plan that resolved the mission problems across all the missions involved. A
variety of objective and subjective measures of performance were collected including:

e  Solution times (i.e., time to assess impact of mission changes and time to generate a revised plan that eliminated
all problems across missions);

Errors in evaluating repercussions and/or generating a solution that eliminated all problems across missions;
Self-rating of SA;

NASA-TLX ratings of workload;

Evaluations of usability, usefulness, and impact as measured via 8-point Likert-rating scale questions included
in a post-test questionnaire.

A within-subjects experiment design was used. Each test participant experienced both the WIDE Spiral 3
condition and the Surrogate condition. They were presented with three mission replan scenarios to solve in each of
the display conditions. The scenarios used in each condition were comparable but different, and were
counterbalanced so that each scenario was presented in both conditions across participants. For example, if
participant 1 saw scenario 1 with the WIDE Spiral 3 displays then participant 2 saw scenario 1 with the information
equivalent surrogate displays. The order of the two test conditions was also counterbalanced. Half the participants
went through the WIDE Spiral 3 condition first and half went through the information equivalent surrogate
condition first.

The WIDE Spiral 3 prototype, when compared to the Surrogate Displays, resulted in:

o Significantly faster solution times (mean of 79 vs. 232 seconds; F=19.89, p <.001)

o Significantly fewer errors (mean of 10% vs. 32% errors; F=9.71; p <.01)

o Significantly better situation awareness as measured by self-reported ratings of SA (Paired T-test with p <.05
for all elements of SA);

e Significantly lower workload as measured by NASA TLX ratings (Paired T-test with p <.05 for effort,
performance, temporal workload and mental workload. No statistical difference for frustration or physical
workload.)

Participant responses on the final questionnaire reinforced the objective performance results. Participants
consistently gave the WIDE Spiral 3 prototype high ratings (mean above 6.4 on 8-point Likert rating scale questions
with 1 = extremely negative and 8 = extremely positive end-points). This included questions that asked about
usability (6.7), usefulness (7.2), learnability (6.8), impact on own work (7.4) and impact on the organization (7.3).
Participants also provided high ratings on questions relating to the ability of the WIDE Spiral 3 prototype to improve
the quality of decisions relative to performance with ‘existing TACC tools and practices’. These questions used an 8
point scale where 1 = not at all effective and 8 = extremely effective. Mean ratings were 6.8 or above on these
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questions including questions that asked about: reducing time to come up with a solution (7.3), reducing errors (7.4),
minimizing negative repercussions on other missions (6.9), and generally improving solution quality ‘because it is
faster and easier to investigate multiple alternative options’(7.4).

Conclusions

The evaluation established the performance benefits that can be expected from implementation of the WIDE
Spiral 3 prototype. Participants were able to solve representative multi-mission synchronization problems three
times faster and with less than one third the number of errors. SA and workload self-report measures reinforced
those results as did participant responses on the final questionnaire Likert-rating scale questions. Participants
indicated that the WIDE prototype allows them to have significantly better SA of the impact of mission changes on
own and other missions with significantly less workload than is possible with their current tools and practices on the
floor. These improvements in performance are likely to translate into increased efficiency in terms of time required
to come up with a mission plan, and increased mission replan quality, in terms of reduced mission delays, fewer
mission cancelations and improved asset utilization to meet the AOC objectives.

The results reinforce the value of work-centered design approaches. As in the case of earlier WIDE Spirals,
this project provides an illustrative example of the methods and performance benefits of WCD approaches. WCD
progresses from knowledge acquisition through analysis and design to development and evaluation with particular
attention to the cognitive requirements of and demands on the focal decision maker. By developing systems finely
tuned to the cognitive and collaborative requirements of C2 work it is possible to achieve performance
improvements that can have substantive positive impact on organizational objectives.
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TOWARDS A MEANINGFUL PRESENTATION OF FMS TRAJECTORY INFORMATION FOR TACTICAL
SELF-SEPARATION

S.B.J. Van Dam, M. Mulder, M. M. (Reng) van Paassen
Delft University of Technology, Faculty of Aerospace Engineering
Kluijverweg 1, 2629HS Delft, The Netherlands

In the context of future airspace management concepts, the flight crew will need tactical navigation
support for airborne self-separation. Applying ecological interface design principles, a state-based
navigation tool was designed that uses functional information overlays that show how traffic and
aircraft performance constrain the horizontal maneuvering. The state-based system has been en-
hanced with a visualization of intent information from the flight plan trajectory (Van Dam, Paassen,

& Mulder, 2007). This paper discusses in detail the exchange of intent information using ADS-B. It
presents some promising ideas to show intent in a more meaningful and pilot-intuitive way, partic-
ularly focusing on the impact of mode transition from trajectory control mode (Flight Management
System) to target state control mode.

Background

In order to give pilots effective support for airborne aircraft self-separation, an Airborne Separation Assis-
tance System (ASAS) support tool was designed to give the flight crew insight into which maneuvers best deal with
conflict situations (Van Dam, Mulder, & Paassen, 2008). The design is aimed at showing the reasoning of the au-
tomation that deals with the separation problem, and promoting pilot traffic awareness. Applying the Ecological
Interface Design principles (Vicente & Rasmussen, 1992), functional information is presented via overlays that show
pilots how horizontal maneuvering possibilities are constrained. Maneuver constraints originate from limits to the
own aircraft performance (internal constraints), and limits imposed by the environment, i.e., the surrounding traffic
(external constraints). The display is usable without the use of explicit maneuver commands. This approach promotes
the preservation of travel freedom in a flexible airspace environment, and also facilitates full integration with other
navigation support tools.

In the state-based display, the ‘eXtended Airborne Trajectory Planner (XATP)(Appleton, Mulder, & Paassen,
2006), the ‘State Vector Envelope’ (SVE) overlay shows a speed-heading maneuver space that is mapped on the
existing Navigation Display (ND), Figure 1. The orange color of the Forbidden Beam Zone (FBZ)-layer informs
pilots that the aircraft will enter the Protected Zone (PZ) of an intruder aircraft within the next five minutes. If the FBZ
is red, separation will be lost within 3 minutes. The SVE overlay shows the range of feasible aircraft maneuvers in
terms of target heading-speed states, thus, separation is maintained by steering the own ‘state vector’ out of the FBZ.
Cooperative conflict resolution is realized by steering out the FBZ in the direction of the closest FBZ boundary, while
efficient resolution are realized by staying away from the FBZ origin. A detailed description of the domain analysis,
display design and pilot maneuver strategy can be found in (Van Dam et al., 2008). A design for the vertical plane can
be found (Heylen, Mulder, Van Dam, & Paassen, 2008). For a general overview and discussion of ecological interfaces
applied to vehicle motion applications, consult (Paassen, Amelink, Borst, Van Dam, & Mulder, 2007).

The state-based XATP design predicts aircraft motion by extrapolating the current state (position, speed and
heading) of the own aicraft and the surrounding traffic. In realistic traffic situations however, the aicraft trajectory
is controlled according the flight plan managed by the Flight Management System (FMS). The state-based display
concept was adapted to take into account planned trajectory changes within the prediction horizon of ASAS systems,
leading to a preliminary intent-based display (Van Dam et al., 2007). The design assumes availability of the FMS flight
plan and Mode Control Panel (MCP) - Flight Control Unit (FCU) target states through the use of Automatic Dependent
Surveillance-Broadcast (ADS-B)(RTCA, 2002; Barhydt & Warren, 2002). This paper presents more profound research
on how exactly ADS-B technology supports the exchange of intent information. It also analyzes the differences
between the state-based display and the proposed preliminary intent display (Van Dam et al., 2007), in particular
how these designs shape pilot traffic awareness and affect pilot maneuver strategies. Based on this analysis, FBZ
maneuver constraint areas are categorized and a new FBZ color-symbology is detailed with the aim to improve pilot
understanding of these areas, particularly when FMS trajectory control mode is disengaged when maneuvering with
the MCP/FCU target state control. Finally a proposal for a new intent display is described.
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Figure 1: State-based display (XATP) Figure 2: Aircraft control stategarhydt and Warren, 2002)
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ADS-B technology: Trajectory Change (TC) and Target State (TS) Reports

The ADS-B transponders are used to enable airborne data communication between aircraft in each other’s
vicinity. In addition to current state information the messages can also contain intent information. The transmitting
aircraft must ofcourse support FCU-MCP modes to acquire target state commands and FMS-RNAV mode to get the
flight plan information of the waypoints where trajectory changes are made. The requirements regarding the message
contents are laid down in a RTCA report (Barhydt & Warren, 2002) and is used as a guideline. Without going into
further detall it is assumed that the capacity and update rates of the system are sufficient to properly support an intent-
based separation assistance tool. There are multiple types of data messages that are sent through ADS-B. Aircraft state
reports include actual position and speed information that is used by the no-intent XATP system. For intent messages,
two message types exist. First, the Trajectory Change report gives information on the aircraft's FMS flight plan. The
Target State report provides information about the aircraft's target state commands, e.g., target heading entered by the
pilot in order to make an autopilot controlled turn. Figure 2 presents an overview of aircraft control states (Barhydt &
Warren, 2002).

The FMS system is a navigation aid database that contains intent information in the form of waypoints. The
information of a waypoint is detailed in a so-called ‘Trajectory Change Point’(TCP). Up to four TCPs are defined in
one ‘TC report’. TC report cycle numbers make it possible to distinguish between TCPs and they define the sequence
order of the waypoints for reconstructing the flight trajectory. Figure 1 lists the elements provided in a TC report.
Included are waypoint elements such as Time-To-Go (TTG), position, turn radius, track to TCP, track from TCP, and
the command/planned flag for different TC types, e.g. a Fly-By turn or a Direct-to-Fix transition. TC reports can only
be sent when the FMS is enabled and the aircraft is flying in accordance with the flight path depicted by the FMS. In
case the pilot uses the the FCU-MCP to command a autopilot maneuver, the FMS is disabled. From then on all TC
reports will have the flag type set on ‘Planned’ instead of the ‘Command’ indicating that the listed waypoints are not
‘active’. With the FMS disabled, additional TS reports are sent out, containing the MCP target heading. The elements
of a TS Report are also given in Table 1. This table is adapted from (Barhydt & Warren, 2002).

With respect to conflict situations in this research it is assumed that pilots fly in FMS mode while the are
confronted with a separation problem. After analysis of the situation, the pilot manipulates the MCP to initiate the
resolution maneuver. the FMS is automatically disconnected and TS reports representing the heading change will be
available from that moment on, while TC reports are also available containing a "planned” typeset flag, informing
the ASAS system about the ‘FMS-disengaged’ status . When the conflict is resolved and both aircraft have passed
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Table 1:Selection of Trajectory Change (TC) and Trajectory State (TS) Report elements

Element TC Content TS Content Bits
ID 1 Participant Address idem 24
2 Address Qualifier idem
TOA 3 Time of Applicability idem 6
TCR number 4 TCR sequence number 2
TCR version 5 TCR cycle number 6
TTG 6 Time To Go idem 6
Horizontal 7a Horizontal data available and TC Type Target Source Indicator 2
information 7b TC Latitude Target Heading or Track Angle | 16
7c TC Longitude Target Heading or Track Indicatof 16
7d Turn radius Horizontal Mode Indicator 8
7e Track to TCP - 8
7f Track from TCP 8
79 Horizontal command/planned flag - 1
Vertical 8a Vertical data available and TC Type Target Source Indicator 2
information 8b TC Altitude Target Altitude 12
8c TC Altitude Type Target Altitude Type 2
8d Vertical Command/Planned Flag Vertical Mode Indicator 1

each other, the pilot will initiate the path recovery maneuver by flying a Direct-to to the closest TCP waypoint on the
FMS flight path. The FMS is updated and activated again while the TS reports are suspended. At present, the design
of the intent display will focus on the scenario where the pilot identifies a conflict situation along the flight plan and
manipulates the MCP settings to resolve a conflict situation, hereby disengaging the FMS.

Comparing the state-based and intent-based display

Figure 1 and Figure 3 show an example conflict situation as presented on the ‘state-based display’ and the
‘intent-based display’ respectively. Based on the state-based display pilots assume separation is lost within three to five
minutes if no maneuver is performed. With the intent display, the current state vector lies outside the FBZ's. Therefore
the FBZ is in grey color. No loss of separation will happen if both aircraft continue according the FMS flight plan.

In this case, the intent display clearly enhances conflict awareness. Figure 3(a) shows how the intent display is the
result of mapping two SVE’s on each other. The main SVE shows the constraint area indicated by (1) and visualizes
maneuvers that would lose separation before the TCP is passed by. This time is tabeled he other part of the

FBZ indicated by (2) represents all states that would result in a loss of separation when the TCP is already passed
by. Since the aircraft turns away at the TCP, this conflict is resolved and area (2) is therefore not shown on the intent
display. The borderline between area (1) and (2) is part of a circle with the FBZ origin as it's center and is referred to
as ‘break-circle’ (Van Dam et al., 2007). The FBZ on the ghost SVE indicated by (3) is created using a ghostimage for
the own aircraft that shows the current fictive position and speed vector of the own aircraft as if it were flying already
with constant speed and heading of the TCP.

When using the state-based display no information cues are available to determine wether the FMS turn will
resolve the conflict situation or not. The intent display does show the pilot that there will not be a conflict situation
when flying according the flight plan. On the other hand, pilots flying with the intent display are more likely to be
unaware of how the conflict situation would look like when the FMS is disengaged. This lack of insight could lead
to dangerous mode change situations where the FMS flight plan is suddenly abandoned by one of the aircraft. In the
example situation, the SVE image will jump from the SVE in Figure 3(b) to the SVE in Figure 1.

On the intent display, Figure 3(b), the pilot can see that he is not able to turn to the right. This area does not
exist on the state-based display as it is related to intended path after the TCP turn. Thus, this area is in fact conflict-free
if one would maneuver before passing by the TCP. Pilots using the intent display are likely to (mis)interpret this area
as a instantaneous no-go zone, i.e., they would not consider a maneuver to the right as a valid maneuver option to

instantly resolve a problem.
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(a) Constructing the intent display (b) First version of intent display

Figure 3: Intent-based XATP display for the example conflict situation with own intent.

Table 2:Typification quadrant of FBZ maneuver constraint areas

Beforefirst TCP After first TCP
State-Based | (1) ‘pre-SB’: always conflict| (2) ‘post-SB’: FMS-disabled conflict
current Yes No
I ntent-Based (-) not applicable (ghost) | (3)‘post-IB’: FMS-enabled conflict
current - Yes

Different types of FBZ maneuver constraint areas

Itis clear that the introduction of FMS intent information result in different types of FBZ maneuver constraint
areas. The current display formats create confusion, especially when disengaging the FMS. What does a particular
FBZ-area shown inside the SVE actually means to the pilot? Is it possible to steer into this area right now? Will it
disappear when the FMS is disabled? Will it's color change? Each display triggers different pilot behavior and conflict
awareness.

In order to take away confusion about the interpretation of FBZ's areas, the different kinds of FBZ-areas
are typified. Two parameters can be defined to make a distinction. A clear difference exist between areas generated
from ‘state-based’ position and velocity information as opposed to areas generated from intent-based TCP position
and velocity information (provided in the TC reports). The former is the most physical constraint where as the latter
takes into account planned aircraft behavior from the FMS. A second parameter splits FBZ-areas in areas that result
in a maneuver that looses separation ‘before’ (pre-TCP) and ‘after’ (post-TCP) the TCP is passed by. These two
parameters make up a typification quadrant for FBZ maneuver constraint areas, Table 2.

First, ‘State-based pre-TCP’ areas (1) are areas created using the actual position, speed and heading to cal-
culate the FBZ, AND showing that part of the FBZ that applies to maneuvers that lose separatior-hefor&his
FBZ constraint type is considered the most important constraint type. It is always visible on both state-based and
intent-based displays. Second, the ‘state-based post-TCP area type (2) is complementary with type (1) in the sense
that it captures the state-based conflicts that occur aftep. This area is currently not shown on the intent-display.
In situations where the FMS is disengaged the display suddenly shows this area. In general, pilots unaware of the
location of this type of constraints can not predict if a conflict would be triggered if one of the aircraft would ignore
the next TCP and fly straight on. Third, ‘Intent-based pre-TCP areas are fictive and not relevant. Fourth, ‘Intent-based
post-TCP’ constraints (3) represent the FBZ-areas created by using intent-based information AND applied to maneu-
vers that lose separation afterc p. It is relevant to situations where both aircraft are FMS-enabled. It gives pilots a
preview on how the FBZ areas look like from the point of view of the new state vector after the TCP turn (which is
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(a) New FBZ color-coding for state-based display (b) New design of the intent display

Figure 4: The new color-coding for FBZ and the new version of the intent display

thus mapped on the current state vector in the SVE). If the current state vector lies inside a ‘post-IB’ FBZ-area (3),
it means separation will be lost after the TCP maneuver is made. Without these constraints shown, pilots would be
unable to predict if a conflict would appear aftet p.

The visualization of urgency

The idea to split up the FBZ shape into a ‘pre-TCP’ and ‘post-TCP’ is also usable to enhance, in fact, change
the traditional color-coding of the FBZ's. Traditionally, the entire FBZ would be drawn red (or orange), reflecting the
urgency of the conflict created by the current state vector. If the intruder’s PZ would be intruded within three minutes
the FBZ would be entirely red, if within five minutes, orange. If it would take more than five minutes, it would be
shown in grey. If the state vector would not lie inside the FBZ, the FBZ would also be filled up in grey if a maneuver
moving the state vector inside the region would trigger a conflict (with a predicted loss of separation within 5 minutes).
Using the break-circle principle however, one single FBZ can be split up in time-intervals according the urgency color
coding. For the example situation, this would results in a state-based display like Figure 4(a). The area representing
maneuvers that lead to loss of separation further than 5 minutes away is not filled with any color, but lies by definition
inside the FBZ shape. By applying this drawing convention, the grey zones are no longer used. ‘Conflict zones’ will
always be orange or red, also when the current state vector lies outside the FBZ area.

A pilot-suited meaningful visualization of maneuver constraints

With the new insights regarding FBZ constraint area types and ‘urgency’ color coding, a new display design
proposal can be made. The display is aimed at supporting the way pilots deal with a conflict problem when flying in
FMS mode, interpreting the situation, and then go to MCP-mode to resolve the problem. The comments below are
directly applicable to areas (1), (2) and (3) indicated on the display figures in Figure 3(a) and Figure 4(b).

First of all, pilots need to be able to identify beyond any doubt if separation will be lost or not at all tirhes
can be achieved by only filling areas with color or grey when a conflict exists. In both FMS-enabled and disabled mode,
FBZ type (1) should be visible and given most importance. Therefore these constraint areas are brightly coloured in
red and/or orange, Figure 4(a). If the FMS is engaged, FBZ type (2) areas do not apply and should not be filled. FBZ
type (3) areas do apply to the current trajectory prediction and should be visible on the display. If the pilot switches
to AP mode, the FMS is disengaged and FBZ type (2) should be brightly visible in the same way as FBZ type (1)
constraints while FBZ type (3) should not be filled. Secondly pilots, when identifying a conflict situation in FMS
mode,should be aware which areas are instantly constraining the aircraft maneuver optioas disengaging the
FMS, i.e., pilots should be aware that FBZ type (2) will appear and FBZ type (3) will disappear. Creating awareness
about the type (3) constraint can be achieved by always showing intent-based constraints in grey. Grey areas are only
shown when the FMS is enabled and inform pilot about intent-based (post-TCP) conflicts. Pilots will learn to take
into account grey when predicting conflicts along the FMS trajectory, and will learn to ignore grey when they need
to instantly come up with a conflict resolution maneuver. Informing pilots about the location of type (2) constraints,
while in FMS-mode, creates awareness about the maneuver constraints when the FMS is disengaged. This awareness
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can be achieved by clearly depicting the FBZ contour. Type (2) areas are always the unfilled FBZ areas next to the
colored type (1) area, see final design in Figure 4(b).

Concluding remarks

Based on FMS Trajectory Change Point information, the typical constraint representation of a conflict, the
FBZ, is split up. This leads to a higher number of FBZ shapes on the display, Figure 3(b). Given the different nature
of some of this areas, the original intent display proposal in (Van Dam et al., 2007) creates confusion, especially when
disabling the FMS. A typification quadrant was set up to define the different types of FBZ-areas, Figure 2. Based on
on the differences between each type, a more straightforward FBZ symbology is proposed so that pilots can clearly
understand the meaning of each FBZ-area’s shown on the display. It allows pilots to quickly perceive how their
maneuver space is constraint when flying FMS enabled as well as FMS disabled, Figure 4(b).

The situation example in this paper has been chosen fairly simple in order to address a complex problem do-
main in an understandable way. The ideas expressed in this paper are however expandable to more complex situations,
including multi-conflict scenario’s, situations with intruder TCP point, situations with more than one TCP point. In the
future, the interception of FMS trajectory after recovering from the conflict resolution maneuver will be treated. Even
more display design can be enhanced by using target heading information of the Target State reports when switched
to MCP target state commands (Van Dam et al., 2007). A pilot experiment will be set up were the display will be
evaluated online using more complex multi-conflict situations.
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AN INTERFACE FOR INBOUND TRAFFIC ROUTE PLANNING

Ewout S. van Dijk, M. M. (ReB) van Paassen, Max Mulder
Aerospace Engineering — Delft University of Technology
Delft, The Netherlands

Mariska |. Roerdink
Air Traffic Control the Netherlands
Schiphol Oost, The Netherlands

It is expected that, with increasing automation, the emphasis in the air traffic controllers’ work will
shift from tactical control towards supervision and planning of aircraft trajectories. To support this
work, a planning interface for area controllers has been developed. The interface uses a normal
Plan View Display (PVD) supplemented with a Time-Space Diagram (TSD), that visualizes the
travel of the incoming aircraft across their planned track. With the constraints on speed and timing
as given in the TSD, the interface permits direct manipulation of the arrival time within these
constraints. Using a simulation of air traffic, the interface was tested in an experiment. The results
indicate that the interface can be used to manage traffic efficiently, but that maintaining a coherent
mental picture using both the TSD and the PVD is still difficult.

Air traffic control (ATC) is a complex task, today still performed by human beings with relatively little
support from automation. Current required competences for ATC personnel are for example summarized by the ATC
Performance Model, developed at ATC the Netherlands (LVNQr{ns, Burggraaff, & Van Weerdenbyrg006
Oprins & Schuver2003. With increasing traffic, and without changes to the cursystem, demands on ATC
personnel can only become higher.

An important trend in research programs for future ATC systelm®(.,, 2007, Dlugi et al.,2007) is the
shift from the current tactical, sector-based air traffic control to strategic, trajectory-based Air Traffic Management
(ATM). As an example of this shift, a possible scenario for future ATM in Area Control Center (ACC) sectors is
considered. It is expected that, with the application of more fixed routing in the Terminal Maneuvering Area (TMA),
the transfer of approaching aircraft to the TMA will have to adhere to stricter timing requirements. Also, in order to
increase flight efficiency, holding patterns should be avoided, and aircraft timing will have to be adjusted with speed
instructions. A concept is developed in which the ACC controller creates a 4D arrival trajectory for approaching
aircraft, and implements this trajectory, optionally using speed requests to an adjacent sector. An interface to support
Air Traffic Controllers (ATCo’s) in this task has been designed.

Display Design
Inbound Traffic Management

For this study, a hypothesized future situation regarding inbound traffic management by Area Control will
be described, taking planned procedures around Amsterdam Airport Schiphol (AAS) as a starting point. This
scenario uses 3D fixed routes in the TMA with merging of traffic in the ACC. Aircraft must arrive at one of the Initial
Approach Fixes (IAF) on the border of the TMA at co-ordinated times, and only limited modifications to the arrival
time are applied in the TMA (Figurg).

Since the ACC airspace, especially for the case of AAS, is limited, much could be gained from cooperation
with adjacent sectors to change the timing of arriving aircraft. To make such adjustments feasible, the new display
will display arriving aircraft as soon as they are available in the system. Using the presentation on the display, an
ATCo can determine whether a request to an adjacent center is useful and feasible.

Time-Space Diagram

In order to control the arrival planning of inbound aircraft, ATCo’s need a tool to consider the traffic in four
dimensions; the spatial path and the temporal dimension. The main display currently used, the Plan View Display
(PVD), offers only support for prediction over a limited time span, sufficient for an experienced ATCo to merge
aircraft into a separated stream over the entry point to the TMA, but not sufficient for creating an arrival plan and
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issuing speed or heading vectors at or outside the ACC boundary to create a planning for entry into the TMA or solve
upcoming conflicts when merging close to the TMA boundary.

As a starting point of the new interface, therefore, a Time-Space Diagram will be used. This kind of diagram
has been tested in Eurocontrol’s PHARE-projddrfa, Pavet, Van Blanken, & Pichancow99 and by Delft
University of Technology for assisting the ATCO in planning and monitoring Continuous Descent Approaches in the
TMA (Tielrooij, in ‘t Veld, Mulder, & van Paasser2008). The principle of the time-space diagram is shown in
Figure 2, for an aircraft which is on its way to the IAF. The horizontgissshows the distance to go before the IAF is
reached, the IAF can be imagined to be at the right side of this axis. The vertical axis is a time line. This makes the
horizontal axis 'now’, everything above it 'the future’ and everything below it 'the past’. The time-space line moves
downward in time, making the intersection with the horizontal axis move to the right: the aircratft flies in the direction
of the IAF.

Aircraft Constraints At AAS, aircraft generally enter the ACC at a high altitude, descending from upper
airspace controlled by Eurocontrol or horizontally from adjacent centers. When a straight path to the IAF is planned,
control of the aircraft speed is the only option to modify the arrival time. Speed control is of course constrained by
the aircraft properties, resulting in upper limits on Mach number and lower and upper boundaries on Calibrated
Airspeed (CAS). Since the maximum altitude in the AAS ACC sectors is limited to FL 245, the Mach limit does not
need to be taken into control. When the ATCo selects a particular aircraft in the interface, the CAS limits for this
aircraft are added to the TSD. For aircraft still in the adjacent sector, a double prediction is presented; one assuming
that instructions are given by the ATCo in the adjacent sector, and one assuming that instructions are issued after the
aircraft enters the own sector. In this way the ATCo can determine whether a request to an adjacent sector is feasible
and useful.

For the implementation of the deceleration and descent behavior of the aircraft, the performance envelopes
of the three aircraft implemented in the simulation were compared. It was determined that a descent flight path angle
of 2 degrees was an acceptable value for all considered aircraft.

Separation Constraint$n principle, aircraft paths will be planned straight to the IAF. For aircraft that cross
such a path, or converge on these paths, it is possible to calculate “forbidden zones” in the TSD. These zones are
specific to the path of a considered aircraft, and indicate time and path combinations that will result in a conflict with
another aircraft. Figur8 shows how an aircraft crossing the path of another aircrattlt®in a forbidden zone.

Creating or solving a conflict by changing a speed is visualized by bending a time-space line in or out of the
conflict zone. For example, when moving the right part of the time-space line of aircraft 1 in Bigpret will at
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Figure 3: Detection of a forbidden zone in the TSD of aircraft A, caused by aircraft B when both trajectories are in
the horizontal plane. Graphs 1 to 4 show a progression in time, a plan view is given at the top of each graph and its
representation in the TSD at the bottom.

some point enter the forbidden zone above it. This implies, that by delaying the aircraft (slowing it down), the aircraft
behind it starts overtaking it and a conflict will occur. This indicates a major advantage of the direct manipulation
principle: it becomes immediately clear if a forbidden zone is crossed, when dragging the label. In this way, the
constraints of the work domain are mapped on the interface. Since meaningful behavior (adjusting the time
dimension) is also visible on the interface, direct manipulation is possible.

Inbound Planning InterfacaVhile the time-distance lines in the TSD show the possible speed profile, and
on the time axis, the possible arrival times of the aircraft, the planning interface needs to also show the constraints of
the total planning process. Aircraft could be guided to the IAF’s with appropriate separation, but their different
speeds could result in them running into each other in the TMA. Furthermore, Highvs that the merging of two
streams of traffic takes place in the TMA as well. Both aspects need to be taken into account by ACC when planning
at which time the different aircraft should cross an IAF. The designed interface supports this process.

If aircraft performance, route and weather are known, an estimate can be made of the time between reaching
the IAF and lining up with the runway. Assume that this is equal to ten minutes for a certain aircraft under certain
conditions. On the right side of the TSD, the time at which this point is reached, could then be marked 'ten minutes
above the arrival time at the IAF’. There, the time required before the next aircraft may arrive, can be expressed by a
vertical bar. This time, i.e. the height of the bar, depends on the speed of both aircraft, as well as their wake vortex
categories. This is shown in Figubein which all bars have been shifted down the time line by th&@mim travel
time in the TMA for clarity. The bars that are not aligned with the arrival time at the fix indicated in the TSD
represent aircraft that arrive, in this case, at the southernmost fix, and have a longer travel time in the TMA.

Path manipulationln addition to manipulation with the arrival time, and thereby changing the speed of the
aircraft, the ATCo is also given the opportunity to change the aircraft path in the plan view interface. Changes are
applied to the basic (straight-in) path by adding a waypoint to a path. The changes applied to the lateral path are
presented in the TSD as well. See FigGifer an example.
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Experiment

An evaluation of the display and operational concept was carried out. The main purpose of the experiment
was to investigate whether the interface would allow a safe and efficient planning of the inbound traffic, and to
identify problem areas and possible

Experiment Set-Up

Equipment and subject$he experiment was programmed on a laptop computer. The TSD was shown on
the laptop screen, and the PVD was shown on an additional display connected to the laptop/ Siguve a screen
shot of the two displays. Ten subjects participated in the experiment, five of whom were active air traffic controllers,
with experience ranging from 4 to 26 years. The other five subjects were research staff and students.

ScenariosFour scenarios were created, with aircraft coming from the North, East and South and entering
through one of the two IAF's (see Figurg. Aircraft were kept at initial altitude before descent te tAF with a 2
flight path. A mix of three aircraft types (Boeing 737-800, Boeing 777-200 and Airbus 320-212) was used, the
simulation was based on BADA datiific, 2004). Aircraft had to be delivered to one of the IAF’s with time
intervals of 1.7 min. Scenarios 1 and 2 were for familiarization, with low traffic rates, scenarios 3 and 4 had a high
traffic rate (15 aircraft in 21 minutes), with scenario 4 being the most difficult.

ProcedureAn experiment session began with a 15-minute briefing. Using scenario 1, the working of the
interface was explained, and after explanation subjects could practice with scenario 1. After subjects indicated they
felt comfortable with the task, the other scenarios were presented. If at some points subjects had problems with the
task, hints were offered by the experimenter. When all aircraft in the scenario had been provided with a plan, the
simulation was run in fast-forward to show the results. Total time per subject was approximately one hour. After the
runs, subjects completed a questionnaire, scoring statements on a four-point scale (agree, partly agree, partly
disagree, disagree) and answering a number of open questions.

Results

This test of the interface should be considered as a first evaluation of a work in progress. The scenarios were
fairly short, and in particular scenario 4 started in a state that was not representative of the traffic situation at, for
example, a hand-over.
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Safety and efficienc¥he subjective impression of safety was tested by means of the statement “I can handle
traffic safely”. All subjects agreed or partly agreed, with the exception of two ATCo’s who disagreed. These felt they
were lacking the “mental picture” of the traffic situation. Complaints were mainly about the problem of integrating
information from the two displays. All subjects agreed or partly agreed that they could handle traffic efficiently.

Interface useMost subjects indicated that the TSD became their primary tool for the planning. Creating a
plan was started on the TSD, and completed on the PVD when the need arose. Two of the ATCo indicated that it was
difficult to interpret the conflict zones on the TSD, and that a better link to the PVD would be needed. The majority
of the ATCo’s indicated the need to also use the vertical path of the aircraft for separation. The possibility to request a
speed change in the adjacent sector was very much valued.

Conclusions

The objective of the present work was to investigate the creation of a path planning tool air traffic control.
The display combination of the extended TSD and PVD enable a human controller to create an efficient arrival
planning. The main problem is still the integration of the information from the PVD and TSD to create a single
mental picture of the traffic situation. The presentation on the TSD of the constraints of the work domain facilitate
direct manipulation of the flight parameters in the search for a solution. A focal point for the future work is the
increased (visual) integration of the information on the two displays, and the visualization of the constraints on the
PVD, making path manipulations in the PVD as easy as the speed manipulations in the TSD.
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TESTING A MULTIDIMENSIONAL NONVERIDICAL AIRCRAFT
COLLISION AVOIDANCE SYSTEM, EXPERIMENTS 3, 4

William R. Knecht
Maneuver Space Technologies,
Pocasset, OK, USA

Veridical displays represent realistic scenes. State spaces are nonveridical displays representing n-
dimensional information. This research tests an aircraft separation maintenance display based on a
nonveridical state space. In two experiments, licensed general aviation pilots flew flight scenarios,
trying to deviate as little as possible from a pre-assigned course while still maintaining standard
enroute separation from traffic. Flight performance using only a veridical cockpit display of traffic
information with conflict alert capability was compared to performance augmented by a 4D non-
veridical state space collision avoidance system. Results suggest that nonveridical display en-
hances operator performance on an aircraft separation maintenance task.

The present research examines an aircraft separation assurance display based on a nonveridical state-space. The
term veridical means “coinciding with, or representing, physical reality.” State spaces are nonveridical representa-
tions common to engineering. A state space can be constructed from any quantifiable features, and can describe the
state of a dynamic, multidimensional system at some current or future time ¢.

Motivation for This Work

Background. Currently, U.S. commercial aircraft do not fly point-to-point, but follow segmented jet routes in
enroute airspace (the “long-haul” airspace starting about 40 miles [64 km] from airports). These jet routes add un-
necessary travel distance and time. By enabling direct flight from departure to destination, airlines could lower fuel
use by up to 6% (Operations Research and Analysis, 1998). Full implementation of direct flight will require ad-
vanced technology to minimize enroute air traffic conflicts (Krozel, 2000).

Enroute “conflicts” are defined as any two aircraft approaching within 5 nautical miles (nm) and 1,000 ft (9.3
km/304.8 m) of each other. Direct routing is expected to increase the base conflict rate because it transforms air
traffic control (ATC) from a 2D spacing problem into a 3D spacing problem, increasing airspace complexity and
conflict probability (Azuma, Neely, Daily, & Correa, 1999; Xing & Manning, 2005).

To minimize conflicts, veridical displays of traffic information have been developed, including map-view ATC
displays and cockpit displays of traffic information (CDTI), 2D conflict resolution displays (Johnson, Battiste, &
Holland, 1999), coplanar displays (Pekela & Hilburn, 1998; Thomas & Wickens, 2005), and 3D veridical displays
(Canton, Refai, Johnson, & Battiste, 2005; Granada, Quang Dao, Wong, Johnson, & Battiste, 2005; Naikar, 1998).

Some systems make use of separation-maintenance technology to predict and even help resolve conflicts be-
tween aircraft. Cockpit variants of veridical collision avoidance systems (CAS) have been developed (Johnson &
Battiste, 1999; van Gent, Hoekstra, & Ruigrok, 1998). The most widely known is TCAS ([Traffic Alert and Colli-
sion Avoidance System], Kuchar & Yang, 2000). However, TCAS has a short time lookahead. Strategists must now
focus on systems with lookaheads sufficiently long to allow gentle aircraft maneuvers.

Veridical displays have difficulty displaying certain kinds of maneuver information. In response, researchers
have turned to nonveridical display. For instance, NASA’s En Route/Descent Advisor (Green & Vivona, 2001) al-
lows aircraft spacing by positioning individual traffic icons on a slider representing desired arrival time-at-destin-
ation. Van Dam, Appleton, Mulder, and van Paassen (2006) tested a nonveridical CDTI allowing speed-+heading
combination maneuvers. Both devices have demonstrated their effectiveness on difficult air traffic scenarios.

Maneuver space. Knecht and Smith, (2001) proposed the concept of maneuver space (MS). Maneuver space
has been defined by the military as “the physical space within which one can maneuver.” Now, MS is redefined as a
4D state space unique to each aircraft, dimensionalized by that aircraft’s a) heading, b) speed, c) altitude, and d)
available maneuver time. MS represents all conflictual and non-conflictual maneuvers achievable by that aircraft
within a fixed period of time, given the obstacles predicted along each potential maneuver’s hypothesized path.

Maneuver space is a maneuver hypothesis-tester. It has seven key attributes:

50



1) Each translucent cube inside MS represents one maneuver (one autopilot setting of heading, speed, altitude).
2) Therefore, moving within MS represents resetting the autopilot.

3) Colored MS represents “unsafe” maneuvers (predicted to yield separation failure).

4) Color represents available maneuver time (minutes until separation failure).

5) 3D MS-center represents current autopilot setting.

6) Therefore, no avoidance is needed unless MS-center is colored.

7) Maneuvers involving multiple conflicts are colored for the single conflict closest in time.
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Figure 1. (Left) Three aircraft, all traveling 290 kt indicated airspeed (.78 mach) at flight level 32,000 (FL 320). The
pilot’s own ship (ownship, O) must maneuver to avoid two intruders (I1, 12). (Right) A view of the resulting 4D MS.

In Figure 1, the entire translucent, colored structure is called a conflict region (CR)—a set of numerically con-
tiguous maneuvers predicted unsafe by a conflict probe (Kuchar & Yang, 2000), given a specified lookahead time.

Preliminary Development

A 4-Dimensional Collision Avoidance System (4CAS) was coded by the author. In “Experiment 1”” (Knecht,
2007), eight general aviation (GA) pilots flew nominal straight-line courses threatened by traffic. Comparing CDTI-
only trials (with no conflict alert or resolution capability) to 4CAS+CDTI trials, with 4CAS present, average path
length, maneuver onset time, and duration of pilot deviations were significantly shorter, maneuver complexity was
lower, and enjoyability-of-use was reported as significantly greater. In “Experiment 2” (Knecht, 2008), using four
matched-pair, mirror-image scenarios with higher traffic density, with 4CAS present, 12 GA pilots averaged shorter
path lengths, smaller deviations from path, greater minimum separations, shorter maneuver onset time, fewer (and
briefer) pilot deviations, fewer types and numbers of maneuvers made, and reported greater ease of avoiding traffic.

System improvements were made. Below, results of the latest-generation system are reported.

Experiment 3
Method

Participants. Twelve GA pilots volunteered with informed consent, nine male, three female. Median age was
46.0 (range 20-69, mean 45.2, SD 15.5), median flight hours 995 (range 100-13300, mean 2025, SD 3645). All pi-
lots held a private license, eight held instrument ratings, five were certified as both Certified Flight Instructor (CFI)
and Certified Flight Instructor-Instrument (CFII), five held Commercial ratings. One held the Air Transport Pilot
(ATP) rating. All received $50US for participating.

Apparatus. A part-task flight simulator similar to Knecht (2008) was used, based on Microsoft Flight Simulator
(FS2004), with its Boeing 737-400 model and Artificial Intelligence (AI) Traffic. This simulated enroute air traffic
and generated recordable latitudes, longitudes, headings, ground speeds, and vertical speeds for ownship and traffic.

The CDTI. A custom CDTI displayed a top-down, moving map of physical space, with ownship occupying
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display-center. Traffic was depicted as chevrons aimed in the direction of travel. Text data tags showed traffic flight
level (FL). Zoom buttons allowed selectable map widths/heights of 5-200 statute miles ([sm], 8-322 km). In CDTI-
only mode, pilots clicked directly on the B737 autopilot to maneuver.

The CDTI updated and wrote data to file every 2.5 s., except during a pilot deviation (PD, [FAA, 2006]), that is
during failure to maintain 5 NM/1,000 ft aircraft separation. Then, sampling rate increased to 25 Hz.

Experiment 3’s CDTI differed from that of Experiments 1-2, in that its traffic icons were also linked to the
4CAS conflict probe. When ownship separation was threatened, CDTI traffic icons were also colored by time to
contact, using the same color scheme as 4CAS. The intent was to present a more challenging, fairer comparison of
the two displays, in that the CDTI now alerted for separation failure (although not for possible solutions).

4CAS. 4CAS showed the MS and CRs corresponding to real-time traffic. Each CR’s translucent, colored, cubes
depicted autopilot settings predicted to lose separation with traffic within 6.0 minutes. Cube color represented avail-
able maneuver time (minutes-to-predicted separation failure). Colors were based on three anchor RGB values, with
intermediate values linearly interpolated. A color/time reference bar was displayed under the MS.

The MS was rotatable around its vertical and horizontal axes. A 3D planning cursor moved within MS, allow-
ing selection of avoidance maneuver. To resolve a conflict, users simply positioned the 3D cursor in a black “safe”
region of MS and then hit the “Execute” button. This reset the B737 autopilot, initiating the maneuver. The 3D cur-
sor was translucent, and stayed put after maneuver planning. A smaller cube represented real-time values of head-
ing/speed/altitude. After maneuver completion, the display recentered itself to again represent current autopilot
settings as occupying MS-center. A message box displayed “NO MANEUVER NECESSARY,” changing to the
alert “MANEUVER!!” as necessary.

Task. The overall task was to stay generally on-course (path-+altitude), deviating for traffic as necessary, return-
ing to course when clear of traffic. A red dot at the end of the nominal flight path signified the “destination.” For
greater accuracy, program shutdown was automatic, triggered by point-of-closest approach to destination.

Experimental design. Repeated-measures were used, with scenario presentation order counterbalanced by Latin
squares. Half the 12 pilots started in the CDTI-only condition, flying the first four scenarios, followed by a short
break, followed by the CDTI+4CAS condition using mirror-image scenarios in the same presentation order. The
remaining pilots ran similarly, but with the CDTI+4CAS first. Pilots were not told they would repeat scenarios.

Flight scenarios. Like Experiment 2, Experiment 3 employed straight-and-level “primary conflict” traffic gen-
erated via the custom Traffic Creation Utility. FS2004°s Al Traffic mode was used only to create distractor and
blocking traffic for a single “standard background.” During experimental trials, unique primary traffic was added to
the standard background to create each individual traffic scenario.
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Figure 2. (Left) Annotated view of 4CAS display; (Right) CDTI, showing traffic from Experiment 4.

Figure 2 depicts scenario 2 (annotated, from Experiment 4). All Experiment 3 scenarios began in mid-flight, at
32,000 ft (FL 320), indicated airspeed (IAS) of 280 kt (.76 mach). Scenarios emulated enroute free flight (RTCA,
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1995) in that aircraft were not restricted to normal odd-or-even flight levels by thousands (no “East-West Rule”).

The CDTI portrayed the ownship flying nearly north (354°). Each of the five 10-min base scenarios had a mir-
ror-image (generated by affine transform) for use as the repeated measure. All primary traffic (generated by the
Traffic Creation Utility) converged toward the ownship straight and level from various angles, shaping the conflict.

All scenarios were “close calls” in both heading and altitude. To test false alarms, one mirror-pair contained a
near-conflict, but technically required no avoidance.

Within the CDTT’s maximum viewable area, each scenario maintained traffic density of 10-12 primary aircraft
(median 11) plus an additional 11-16 secondary, distractor/blocking aircraft (median 12.5)—approximately double
Experiment 1°s primary traffic density, and triple its overall density. One participant, a professional FAA ATC in-
structor, judged the overall traffic densities as “moderate” (his word) compared to real-life, everyday enroute traffic.

Dependent measures. These are shown in Table 1 and detailed in Knecht (2007, 2008).

Training. Training was brief, about 25-30 min. Pilots received a one-page instruction sheet describing the task.
They next received a one-page description of the CDTI and one for 4CAS, as appropriate. They then practiced on
two training scenarios as desired before starting data collection. After completion of three test scenarios, pilots re-
ceived a short break, and then retrained similarly for the second half.

Results

Table 1 summarizes relative performance of CDTI-only trials versus 4CAS+CDTI trials for 12 participants x 5
trial-pairs each = 120 total trials. Distributional non-normalities dictated nonparametric statistics (Hollander &
Wolfe, 1999)—Wilcoxon’s paired-ranks test, with McNemar’s test for false alarms. DVs 2-9 reflect matched-scen-
ario pair difference scores (4CAS+CDTI trial — CDTI-only trial). DVs 2-4, 6-9 are significant in favor of 4CAS.

Table 1. Experiment 3, CDTl-only vs. CDTI+4CAS frials.

™) Median, (mean), or Median, (mean), or o o

) n(CDTlonly)  n(CDTi+4CAs)  (2ai) P (1-ai)
Efficiency Measures

Dependent variable (DV

1 False alarms® n=4 n=1 .250

2 Unnormalized path length (sm)® 64.533 64.450 .0001

3 Normalized 3D path length (std units--SU)®  12.146 11.971 .008

4 3D maximum deviation from path (SU)® 1.048 1.040 .085 .043
5 Rmin (scenarios w no PDs, n=74, SU) 1.097 1.233 .078

Safety Measures

6 Rmin (scenarios w 21 PD /Eair, n=22, SU) .987 1.240 .006

7 Maneuver onset time (sec)® 43.4 35.0 .031

8 Pilot deviations (experiment-wide counts) n=13 n=1 .008

9 Pilot deviations, average duration (sec) (19.1) (7.6) .010

(1) Measures 2-7 compare matched scenario pairs.
(2) Computed only for the 2 scenarios per pilot where maneuver was unnecessary (n=24)
(3) Computed only for the 8 scenarios where maneuver was necessary (n=96)

Rmin is the scenario-wide 3D normalized minimum range between ownship and traffic (Knecht and Hancock,
1999) where x- and y-differences reflect lateral separation (NM), and z reflects altitude differences (ft). Rmin can be
used bimodally, as a measure of efficiency when separation is legal, and as a measure of safety when separation
fails. Used as an efficiency measure, only error-free scenarios were averaged (no PDs). Less separation therefore
implies greater efficiency, with no violation of mandated separation. Used as a safety measure, only error scenarios
were averaged (those with PDs). Therefore, more separation implies greater safety.

Individual differences. Given that the CDTI now gave conflict alert, nine of 12 pilots in the CDTI-only condi-
tion independently discovered an interesting maneuver titration strategy. For example, a pilot might start a turn to
solve a conflict. If, after completing that turn, the CDTI still showed conflict, the turn was increased by a degree or
two, “titrating” the maneuver until the traffic icon changed color to indicate conflict resolution.

In many cases, maneuver titration proved efficient—sometimes more efficient than using 4CAS, if DVS5, (Table
1) is all we consider. However: 1) DV2-3 were significant in favor of 4CAS, whereas DV5 was only a trend in fa-
vor of the CDTI; 2) Titration appeared significantly less safe (DV6-9); 3) If the pilot picked an inefficient maneuver
to start with (e.g., a left turn instead of a more-efficient right turn)—then, titration exacerbated that inefficiency.
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Experiment 4
Method

Participants. Eight licensed GA pilots volunteered with informed consent, seven male, one female. Median age
was 50.0 (range 38-61, mean 48.6, SD 7.1), median flight hours 650 (range 138-1503, mean 729, SD 581). Four
held instrument ratings, one was a Certified Flight Instructor (CFI), two held Commercial ratings. All received
$50U8S.

Apparatus. The apparatus of Experiment 3 was used, with one exception: 4CAS was enhanced to subtract own-
ship maneuver execution time from time to contact. Maneuver execution time data were collected for a wide range
of off-nominal maneuvers (+45° heading, +35 kt IAS, and £4000’ altitude). Separate 4,s,a modeling functions were
parameterized by minimizing least-squares fit to FS2004 performance data. Log functions were selected to represent
heading and speed changes. A linear function was selected for altitude changes. Modeling functions were coded into
the 4CAS/CDTI time-to-contact algorithm, and allowed estimation of maneuver execution time to <10 sec accuracy.

Task, experimental design, dependent measures and training. These were similar to Experiment 3.

Flight scenarios. These were similar to Experiment 3, with a few exceptions. First, ownship starting altitude
was lowered to 28,000’ to allow more headroom, with initial speed set at 310 kt IAS (.76 Mach). Second, with false
alarm rate having been explored in Experiments 1-3, the no-conflict scenarios were deemed unnecessary. Four mir-
ror-image conflict scenario pairs were therefore tested per pilot.

Finally, traffic density was more than doubled from Experiment 3. Primary traffic was 24-28 aircraft (median
25.5), plus an additional 20-27 secondary, distractor/blocking aircraft (median 23.5). One participant, a professional
FAA ATC tower control instructor, judged the overall densities as “heavy” (his word) compared to real-life, East-
coast traffic (itself some of the U.S.” heaviest traffic).

Results

Table 2. Experiment 4, CDTl-only vs. CDTI+4CAS ftrials.
(1) Median, (mean), or n Median, (mean), or

Dependent variable (CDTl-only) n (CDTI+4CAS) P (2-tail)
Efficiency measures

1 Unnormalized path length (sm) 65.998 65.628 .002

2 Normalized 3D path length (std units, SU) 12.717 11.714 .0002
3 3D maximum deviation from path (SU) 1.287 .696 .00004
4 Rmin (scenarios w no PDs, n=38, SU) 1.075 1.105 .872

Safety Measures

5 Rmin (scenarios w 21 PD / pair, n=26, SU) .944 1.047 .028

6 Maneuver onset time (sec) 36.6 29.1 .001

7 Pilot deviations (experiment-wide counts) n=17 n=4 .028

8 Pilot deviations, average duration (sec) (20.7) (4.0) .002

(1) Measures 1-6 compare matched scenario pairs.

Table 2 summarizes the relative performance of CDTI-only trials versus 4CAS+CDTI trials for 8 participants x
4 trial-pairs each = 64 total trials. Measures 1-3, 5-8 are significant in favor of 4CAS.

Individual differences. Here, six of eight individuals titrated their maneuvers in the CDTI-only condition. With
a correct initial guess, the results were generally good. However, incorrect guesses led to far more effort with far
poorer results. Given the high traffic density and complexity, incorrect guesses were common.

Discussion

Veridical means “coinciding with, or representing, physical reality.” Maneuver space is defined here as a 4D
nonveridical state space unique to each aircraft, dimensionalized by that aircraft’s a) heading, b) speed, ¢) altitude,
and d) available maneuver time. Maneuver space represents conflictual and non-conflictual maneuvers achievable
by that aircraft within a fixed period of time, given obstacles predicted along each potential maneuver’s path.

This work constitutes Experiment 3 and 4 in a series of tests of a nonveridical, MS-based 4D collision avoid-
ance system called 4CAS. 4CAS is not meant to replace veridical traffic displays—merely to augment them.

In Experiment 3, 12 licensed GA pilots flew five matched-pair, mirror-image scenarios with traffic and geome-
try similar to Experiment 2. To provide a more competitive comparison, the CDTI was enhanced to add conflict

54



alert (but not resolution) capability. The CDTI+4CAS condition showed performance superiority over the baseline
CDTI for three out of five dependent measures of maneuver efficiency, and four of four measures of maneuver
safety.

In Experiment 4, eight licensed GA pilots flew four matched-pair, mirror-image scenarios with very heavy traf-
fic (median=49)—double that of Experiment 3. Maneuver execution time was subtracted from the available maneu-
ver time on both displays. The CDTI+4CAS condition showed performance superiority over the baseline CDTI for
three out of four dependent measures of maneuver efficiency, and four of four measures of maneuver safety.

Taken together, the entire series of four experiments suggests that human operators can safely, effectively use
such a 4D nonveridical aircraft maneuver safety display.
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HOW EFFECTIVE IS ITEM BANK TESTING OF PILOT TRAINING APPLICANTS IN
REDUCING TEST PREPARATION EFFECTS?

Oliver Zierke
German Aerospace Center (DLR)
Aviation and Space Psychology
Hamburg, Germany

In the selection of aviation personnel, special test preparation has become an
emerging problem. Specific test preparation aims at raising the probability to
master a certain test rather than developing the underlying ability. Knowledge
tests are particularly susceptible to the problem of test preparation. One
strategy to counter this problem is the use of comprehensive item banks for
testing in knowledge domains. In 2005 over 770 student pilot applicants
participated in an evaluation study of two item bank tests, an English language
test and a test of physical knowledge. A conventional test form as well as an
item bank test form were given to each subject. Consequently, both test forms
were compared in a repeated measures design. The test preparation effects,
correlations with school grades, and prognostic validity of both tests were
analyzed. It is shown that item bank testing reduces test preparation effects
and enhances construct validity.

Parallel to the rapid changes in the aviation business, a new challenge in the selection
of student pilots must be realised: The problem of test preparation offered through new
media, such as the internet, or by commercial training institutes. This kind of specific test
preparation aims at raising the probability to master a certain test rather than developing the
underlying ability. For a pilot training applicant, the successful accomplishment of a selection
procedure can result in sponsored flight training, financed by a few larger commercial
airlines. Compared to a private pilot training, such sponsorships can provide a suitable
applicant with several ten thousand Euros worth of training. Testing in aviation is therefore
referred to as “high stake testing”. Thus, it is quite understandable that applicants are willing
to try everything to prepare optimally, and a test preparation market has evolved for
satisfying this need. In Germany at least four commercial institutes, one commercial CD with
training material, and two internet chat rooms exist exclusively for the preparation for the
DLR (German Aerospace Center) test. For the applicant, as well as for the preparation
institute, it matters little whether the student actually improves his aptitude or general
knowledge or whether he simply improved his ability to solve one specific test. The latter
would be the case if an applicant has access to the questions of a test, e.g. a technical
comprehension test, prior to taking it. He could possibly memorize these very items and their
correct solutions without any in-depth understanding of the subject.

Test preparation effects are defined as achieving higher scores without real knowledge
of the underlying domain. These effects lead to an overestimation of the ability of a
dishonestly prepared candidate. This example demonstrates the threat of test preparation for
selection in aviation business, because test fairness and test validity can be compromised.
This can lead to incorrect selection decisions, which in the long run may have an impact on
aviation safety. For this reason countermeasures are necessary.
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Countermeasures

The problem of specific test preparation concerning aptitude tests is answered by
constructing new tests regularly and by offering detailed pre-information and own training
material to the applicants (Huelmann & Oubaid, 2004). Countermeasures concerning
knowledge tests differ from those for aptitude tests. Knowledge tests are frequently used for
licensing purposes (Impara, 1995) or for measuring basic requirements for an apprenticeship.
Therefore, knowledge tests play a prominent role in aviation psychology. The problem of test
preparation is of particular importance for knowledge tests, because it is not difficult for
applicants to publish via internet memorized items from the test after completing the
examination and to provide future applicants with preparation material. A method to counter
the preparation problem for knowledge tests is the use of comprehensive item banks instead
of fixed tests. Using item banks lowers the predictability of items for test takers and thus may
encourage them to prepare for the whole subject of the test rather than merely for the known
individual items.

The approach of DLR

At the German Aerospace Center, item banks were installed for the knowledge
domains of physics, mechanical comprehension, mathematics, and English language. For
every individual test form, items are randomly drawn from the item bank, while maintaining
a balance of item difficulty, test standard deviation and reliability for all forms (Figure 1).
This procedure is based on a method developed by Gibson and Weiner (1998) and leads to
different test forms for each applicant.

Randomly select k items from a given itempool «—

1L

Compute

* the test mean M

* the test standard deviation SD

* the reliability REL of this combination of items

L

Compare M, SD and REL to
established target values

within out of
tolerance tolerance

L L

Administer the item
combination as a
test

Discard it and repeat
the procedure

Figure 1. The procedure of test assembly



Method

An evaluation study of item bank testing as a means of reducing test preparation
effects was conducted. In 2005 over 770 student pilot applicants participated in this study.
The English item bank was composed of four parallel tests which were active during the past
in the DLR pilot selection. This assembly resulted in an item bank comprising 204 items. A
single test drawn out of this item bank consisted of 60 items and had an internal consistency
of Cronbach's a=.90. The item bank of physical knowledge consisted of 104 completely new
items. A resulting single test comprised 40 items and had an internal consistency of
Cronbach's a=.78. Item examples are shown in Figure 2. A conventional test form as well as
an item bank test form were given to each subject. Consequently, both test forms were
compared in a repeated measures design.

English Test

To participate ..... the Olympics must be a real thrill.

1) on
2) in
3) by
4) at

Physical Knowledge Test

“Which dog hears the sound of the pickup truck in the highest frequency?”

Figure 2. Ttem examples for English and Physical Knowledge Test

Subjects were requested in a questionnaire to disclose any commercial preparation. In
this study a test preparation effect is calculated as the mean difference in test scores between
the two groups of candidates, one which was commercially prepared and another which was
not. The following hypotheses have been addressed:
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Hypotheses

1. Test preparation effects are smaller for item bank tests when compared with those of
conventional tests.

2. Item bank tests show larger correlations with school grades than the conventional tests
do.

3. Item bank tests show higher prognostic validity than conventional tests.

Results
Test preparation

For the English test 34 of 451 applicants disclosed they have attended a commercial
preparation course. This makes a preparation rate of 7.5%. For the Physical Knowledge Test
only 16 of 314 applicants disclosed a commercial preparation course. This means a
preparation rate of 5.1%. The English and the Physical Knowledge Test have been
administered at different times, thus the difference in the preparation rates is explainable.

Hypothesis 1

The first two hypotheses were confirmed completely. Item bank testing reduces test
preparation effects for both the English and the Physical Knowledge Test (see Figure 3 and
4). For both tests the ANOVA interaction effect became highly significant with F(1, 449) =
40.0 for English, and F(1, 312) = 46.4 for Physics. This resulted in a medium effect for the
English test (= 0.30) and a large effect for the Physical Knowledge test (f'= 0.39).

12
10 //A
8
6 i
—a&— Prepared
Score

4 —i— Not prep.
2 i
0

— u
-2 T

Item bank Conventional

Figure 3. Test preparation effects for English Test

For not specially prepared applicants there was no difference, whether they got an
item bank test or a conventional test form. In both tests they reached nearly the same result.
In contrast, specially prepared applicants achieved much higher scores in the conventional
tests, presumably because they already knew some items. Therefore, item bank tests yield
more realistic measurements of aptitudes for prepared applicants in particular.
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Figure 4. Test preparation effects for Physical Knowledge Test

Hypothesis 2

Item bank testing enhances construct validity in form of correlations with school
grades. The respective correlation for the item bank test is significantly higher than for the
conventional test (r =.51 vs. r = .43, N=379, p < .01 for the English test and » = .39 vs. r =
25, N=266, p = .01 for the Physical Knowledge test). That means that item bank tests
measure more true variance than conventional tests.

Hypothesis 3

For a definite confirmation concerning the third hypothesis, the data could not be
interpreted clearly because too few applicants were recommended for pilot training to
calculate stable correlations.

Discussion

Item bank testing turned out to reduce test preparation effects in the selection of pilot
training applicants. This is an important result because commercial test preparation is a
challenge to test fairness as well as to test validity. Consequently, the second question was
whether reduced test preparation effects will improve test validity. Indeed, item bank testing
raised the correlations with school grades as an aspect of construct validity, which means that
item bank tests measure more true variance than conventional fixed tests. This result is not
surprising. It seems obvious that large item banks reduce the predictability of items for
prepared applicants and thus improve the quality of measurement in terms of test fairness and
validity. It has never been shown before how effective item banks are in contrast with
conventional tests. The item banks reduced test preparation effects, although not to zero.
Prepared applicants are still better than not specially prepared ones. Why? The question is
whether these differences are true differences, e.g. if prepared candidates really learned and
understood more than the unprepared group. If so, they must achieve better results. It seems
plausible that candidates who invest more time in their preparation are on average more
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motivated and consequently achieve better results. Therefore, we should not aim for tests
yielding equal results for prepared and unprepared applicants. Rather, we should ensure that
possible differences between both groups represent true differences. With regard to the third
hypothesis further research is needed to learn more about the effects of item bank testing on
the prognostic validity of knowledge tests.
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VIGILANT WARRIOR™: A SELECTION TOOL FOR VIGILANCE PERFORMANCE

David E. Weldon, Ph. D.
JXT Applications, Incorporated
Beavercreek, Ohio
Clark Shingledecker, Ph. D.
Wright State University
Dayton, Ohio

In this paper, we describe an individual differences model of vigilance performance—the ability to
maintain one’s focus of attention and remain alert for prolonged periods of time—and summarize
our model evaluation research. Our goal was an automated test battery (Vigilant Warrior™) that
could be employed to select personnel with superior abilities for assignment to critical vigilance
duties. Thus, we conducted extensive laboratory research to identify an optimal set of vigilance
predictors and validate them against a simulated, real-world, electronic-display, battlefield-
monitoring task with high vigilance requirements. The results confirmed that an objective, Short
Vigilance Task (SVT), coupled with analytic skill and stress-coping measures, could account for
33% or more of the criterion variance. Moreover, the SVT was the most powerful predictor in the
battery. Analytic skill and situational variables contributed to vigilance performance, but to a
lesser degree. Vigilant Warrior™ is currently receiving extensive field testing in military settings.

Vigilance is the ability to maintain one’s focus of attention and remain alert for prolonged periods of time.
As such, vigilance is a key cognitive attribute for exceptional performance over a wide range of work domains
where the ability to detect and respond to relatively rare and sometimes obscure events must be sustained despite
lengthy duty requirements. Tasks requiring a high degree of vigilance are an integral to warfare. In addition to
conventional visual monitoring activities, the modern warfighter is likely to engage in computer-mediated
monitoring tasks associated with control of aircraft, missiles, unmanned aerial vehicles, or combat robots, and
perform detection tasks in efforts to counter enemy threats. Past research has shown that individuals vary widely in
their capacity to be vigilant in these situations. Therefore, a need exists to identify and selectively assign individuals
with exceptional vigilance performance capabilities to critical jobs with high, sustained attention demands. This
paper summarizes the theoretical basis for the development of Vigilant Warrior™: a new personnel selection
battery designed to identify individuals who display exceptional vigilance performance. It also describes the results
of research conducted to refine and validate the predictive abilities of the Vigilant Warrior™ battery.

A Model for Development of a Vigilance Selection Test Battery

Previous attempts to identify measures or factors reflecting differences among individuals that reliably
predict vigilance performance have been largely unsuccessful. One likely reason for this failure is that approaches
that were taken to the problem were typically based solely on single personality characteristics. We developed the
Vigilant Warrior™ test battery to remedy this shortfall by adopting a multidimensional view of the prediction
problem, guided by current theoretical treatments of vigilance and a by a broad examination of past vigilance
research findings. This perspective raises the possibility that improved vigilance prediction may be possible by
combining information derived from classical personality variables with measures of intelligence, sample vigilance
task performance, and measures of the person’s characteristic responses to vigilance task demands. We summarize
the literature supporting this approach to predicting individual differences in vigilance in the following paragraphs.

Personality factors. Davies & Parasuraman (1982) summarize the findings for personality dimensions
related to vigilance performance; including introversion-extraversion (introverted observers outperform their
extraverted cohorts), field dependence-independence (field-independent individuals outperform field-dependent
observers), internal-external locus of control (individuals with an internal locus of control outperform those with an
external locus of control), and the Type A (coronary-prone) behavior pattern (achievement-oriented Type-A
individuals outperform their more relaxed, Type-B counterparts). In addition, Thackray, Bailey, & Touchstone
(1977) found that boredom prone individuals may be poorer monitors than those less boredom prone while
Robertson, et al. (1997) found that absent-minded individuals, defined by high scores on the Cognitive Failures
Questionnaire, did more poorly in than non-absent minded observers and reported higher levels of perceived mental
workload than the non-absent minded. Finally, Helton, Dember, Warm, & Matthews (1999) found that optimists
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perform more effectively on vigilance tasks than do pessimists. Such results indicate that personality profiles should
be included as candidates for any approach for developing a vigilance test with reliable predictive features.

Performance sampling as a predictor. A second promising source of predictors of sustained attention
ability is the objective measurement of an individual’s performance on vigilance tasks themselves. However,
traditional laboratory vigilance tasks require a lengthy watch period that would make them impractical as selection
tests for large groups of examinees. Recent research, however, shows that brief, highly-demanding, vigilance tasks
can be constructed that produce performance that mirrors the vigilance decrements typically observed in long-term
vigils (e.g., Matthews, Davies & Lees, 1990; Temple et al., 2000). These tasks show rapid perceptual sensitivity
decrements over a period of 10 minutes or less. They also they demonstrate the key diagnostic indicators of being
resource-limited: sensitivity decrement, high subjective workload, and sensitivity to stress and arousal factors.
Thus, a high level of performance on a short task may be a good indicator of aptitude for longer vigilance tasks.

Differences in subjective responses to vigilance task demands. Finally, recent studies indicate that the
perceived workload of vigilance tasks is quite substantial and that workload grows linearly over time (Warm,
Dember, & Hancock 1996). Johnson & Proctor (2003) conclude that, rather than being under-stimulating, vigilance
tasks place high information-processing
demands upon observers. Thus,
Resource Theories appear to take
precedence over Arousal Theory as
models of the factors controlling
vigilance performance. However,

Personality/Ability
Characteristics

3{10_:'1 Dura.lfiw"( N#:::g;s:iiz:‘e osg;::::' following Kahneman (1973), Matthews
igilance Tas b
Pgrformance Algorithm P T T and Davies (2001) argued that Arousal

and Resource Theories are not
necessarily mutually exclusive, and that
they can be integrated by viewing
arousal as the agent responsible for
resource production. The finding that
there seems to be agreement between

Figure 1.  Vigilant Warrior™: A model approach to developing a psychophysiological measures,

personnel selection tool for sustained attention ability subjective self-reports, and performance,
as predicted by the integrated models, is

of considerable significance for selection test development. In addition to workload response differences, Hancock
& Warm (1989) found that operators differed in the way they deployed compensatory effort and coping strategies to
adapt to demanding performance environments. Short tasks are sometimes insensitive to stressor effects, but as time
progresses it becomes increasingly more difficult for the operator to maintain successful coping. Therefore, it may
be possible to identify useful predictor measures from an operator’s reactions to performing a short vigilance task,
which may offer early warning signs of difficulties in coping.

Stress/Coping
Response to
Task

The proposed model. The challenge presented for developing Vigilant Warrior™ was to apply the
concepts of vigilance and its measurement discussed above to develop a reliable and valid vigilance prediction
toolset. The multidimensional solution to vigilance prediction that was conceived to meet this challenge was to
sample key constructs related to (1) personality and analytic skill, (2) objective task performance, and (3) stress,
workload and coping responses to vigilance tasks. A primary goal was to extract the optimal measurement
instruments from these complimentary approaches and blend them to produce an efficient personnel selection
system capable of predicting vigilance performance. A graphic representation of the Vigilant Warrior™ personnel
selection battery concept is shown in Figure 1.

Preliminary Research and Test Battery Selection

To identify preliminary components for each of the three vigilance prediction dimensions discussed above,
we examined the literature addressing the relationship between various personality and analytic skill variables and
vigilance performance and documented the limitations and strengths of identified vigilance predictors. Finally, a
panel of experts rated the degree of research support and projected utility for each personality dimension. In
addition, available brief vigilance tasks were assessed for inclusion in the battery, as well as_subjective rating
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dimensions and scales that could be used to determine an examinee’s perceived workload, coping responses, and
attitudes associated with performing the vigilance task. Based on the results of these analyses, we developed a
candidate vigilance prediction battery composed of personality/analytic skill metrics, brief vigilance-task
performance metrics, and resource depletion and allocation metrics. The personality dimensions selected for
preliminary research were: Introversion/Extraversion, Intelligence Quotient, Boredom Proneness, Cognitive
Failures, Conscientiousness, Trait Sleepiness, Attention Deficit Hyperactivity Disorder (ADHD), Schizotypy, and
Propensity to Daydream. Two measures of Analytic skill, Fluid and Crystallized Intelligence, rounded out this
group of measures. Two versions of a Short Vigilance Task (SVT) were created for the battery in order to account
for the well-known differences in performance and sensitivities to stimulus and environmental variables observed in
tasks with (simultaneous) and without (successive) a comparison stimulus available to classify an event as a signal
or a non-signal. The task is a brief (12-minute), paired-symbol vigilance task. Events are presentations of letter
pairs in any combination drawn from the letters D, O, and backward D. In the simultaneous trials, the signal is any
matching pair (e.g., “DD”). In the successive version, the signal is defined as the occurrence of the pair “00.”
Finally, the Dundee Stress State Questionnaire (DSSQ), the Coping Inventory for Task Situations (CITS), the
National Aeronautics and Space Administration Task Load Index (NASA TLX) workload scale, and the Boles
Multiple Resource Questionnaire were selected to assess subject attitudes toward, and responses to, performing the
SVT. Dimensions assessed by these instruments are Task Engagement, Distress, Worry, Coping (task focused),
Coping (avoidance), Coping (emotion focused), Workload, and Multiple Resource Usage.

Refinement Of The Initial Battery

The goals of the main preliminary investigation of the candidate vigilance test battery was to confirm the
qualities of the SVT, assess the psychometric properties of the personality, intelligence, and stress/attitude/coping
measures to be included in the battery, and to assess their differential abilities to predict vigilance performance on
the SVT. The study was conducted with a sample of 210 participants recruited from psychology classes at the
University of Cincinnati.

Method. Participants completed a series of questionnaire and performance-based assessments in the
following sequence: personality tests, intelligence tests; pre-task stress state, 12-minute SVT; and post-task stress
state and coping. During the SVT the character pairs were presented against a masking background at a high event
rate. One hundred five (105) participants performed the simultaneous version of the task, requiring a comparative
judgment to detect the target, while 105 additional participants performed the successive version of the task,
requiring an absolute judgment to detect the target.

Validity of the SVT. One objective of this study
was to ensure that the SVT developed for the battery
Average number of correct detections . .

s would show the classic performance changes over time
that are characteristic of typical longer tasks. Figure 2
shows the average number of correct detections made by
21t subjects performing the successive (SUC) and
20 | simultaneous (SIM) versions of the test over the six
continuous 2-min. watch periods. As the graph
suggests, the short tasks yielded a common decrement in
performance over the 12-min. watch (F (s, 1245y = 44.74, p
17| <.001.) and a clear difference between the task
6l conditions (F (1, 208) = 19.80, p <.001).

22

; ) s Y . Factor analysis of the personality scales. A
2 min. Periods of Watch factor analysis was conducted to test whether the initial

set of personality dimensions could be reduced to a

smaller number of underlying factors. Analysis of the
personality scales showed that these individual difference
indicators were intercorrelated. A principal factor
analysis was run, followed by an oblique (direct oblimin)
rotation. On the basis of the scree test and factor
interpretability, a four-factor solution was extracted, explaining 63.7% of the variance. Factor 1 (labeled Cognitive

)

Figure 2. Mean number of correct detections as a
function of periods of watch for both simultaneous
(SIM) and successive (SUC) conditions.
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Disorganization) is defined by various scales linked to disruption of attentional focus, including cognitive failures,
mind wandering, and daydreaming, as well as the Oxford-Liverpool Inventory of Feelings and Experiences (O-
LIFE) Disorganization scale and the Young ADHD Questionnaire-Self-Report (YAQ-S). Factor 2 (Heightened
Experience - i.e., enjoyment of events) is defined by O-LIFE unusual experiences and sensation-seeking subscales,
and low internal boredom score of the Boredom Proneness Scale. This factor appears to indicate a vivid, excitable
mental life. Factor 3 (Sleep quality) brings together the 3 subscales of the Pittsburgh Sleep Quality Index used in the
study. Surprisingly, the Epworth Sleepiness Scale (Johns, 1994) fails to load on this factor. Factor 4 (Impulsivity)
contrasts the sensation-seeking subscale of the Urgency, Premeditation, Perseverance, and Sensation Seeking
(UPPS) scale with the low-premeditation subscale on the I; Impulsiveness Questionnaire. The factors were
intercorrelated, with the highest correlations found between factors 1 and 4 (» =.51) and between 1 and 3 (r = .44).
Factor 2 was largely uncorrelated with the remaining factors.

Correlates of SVT performance. Satisfied that the SVT possesses the fundamental characteristics of a more
classical extended-duration task, we examined the Pearson correlations between the SVT and the personality and
situational measures. Personality was represented by regression-model factor scores computed on the basis of the
factor analysis. Detection frequencies within each 2-min. period were highly intercorrelated (alpha = .93), so
average target detection frequency was used as the performance measure for this analysis. Table 1 provides a
summary of the correlations of the various scales with performance, for simultaneous and successive conditions.

Table 1. Correlations Of Intelligence And Stress Variables With Performance.

Test Type Test/Questionnaire Simultaneous Successive Table 1 shows that the two

Intelligence Advanced Vocabulary 084 294> measures of Analytic skill positively
Letter Sets 274* 259** 1 ith 5 he SVT

P ersonality Cognitive disorganization -.099 -.089 correlate Wl't per orn']ance on't eSVT.
Impulsivity -170 -132 The Educational Testing Service (ETS)
gleigh te “elf?'tyaware ness -00%% -8‘7‘3 Advanced Vocabulary test (Crystallized

eep quali - . . . .

Stress (pre) Engage ment 350 122 Intelligence) is a better predllctor of .
Distress -135 -089 performance on the successive task, while
Worry -.156 -152 the ETS Letter Sets test (Fluid Intelligence)

Stress (post) Engagement 456~ 402 correlates with both the simultaneous and
Distress -.199 -.180 . N
W orry -120 172 successive tasks. The other correlates with

Coping Task-focused -284™ 402"+ the SVT were the subjective stress states
Emotion Focused -230 ~181 and coping-style measures. Table 1 also
Avoidance -429** -.303** . i

Note: **Correlation is significant atthe .01 level. suggests that, while simultaneous and

*Correlation is significant at the .05 level. successive tasks have some common

correlates, the set of correlates for each type of task may differ somewhat.
Candidate Test Battery for Validation

This preliminary study confirmed that the SVT showed the vigilance decrement characteristic of
performance of longer monitoring tasks, qualifying it as the performance sampling component of the battery. The
data also replicated findings that personality traits are no more than modest predictors of vigilance. However,
additional analyses showed that some of the personality factors predict stress and coping during vigilance, which
may contribute to their utility in prediction for a longer, sustained monitoring task. In addition, the present data
support inclusion of short intelligence tests in the predictive battery. Thirdly, both stress states and coping scales
correlated with performance, supporting inclusion of these measures in the battery. Finally, the analyses permitted
reductions in both the number of tests and the number of test items in the battery. These reductions allowed
construction of a 45-minute automated test battery to be used in the Vigilant Warrior™ battery validation study.

Criterion Validation Study

The vigilance criterion task designed to test the predictive capabilities of the Vigilant Warrior™ battery
employed a simulated, tactical, situation display presented on a computer monitor to provide a two-dimensional
plan-view map of a geographical area within which the positions of military combat vehicles were represented.
Static components of the display included terrain features and reference grid lines. The dynamic components of the
display were moving combat vehicles, the positions of which changed with each display update. The symbolic
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combat vehicles appeared in three columns that moved from left to right across the screen and returned in the
opposite direction with unpredictable directional deviations. The center column of combat vehicles was led by a
combat tank with two gun barrels. The display was updated every second, with the gun barrels displayed for 50
msec. Participants were required to report a detection whenever the gun barrels were of different lengths
(simultaneous condition), or are both were longer than the standard length (successive condition). Two additional
versions of the successive criterion task were created to examine the battery’s capacity to predict performance under
special task conditions and the concurrent cognitive demands that accompany many real-world vigilance tasks. The
target cueing version was intended to simulate vigilance tasks augmented by probabilistic information about
potential upcoming signals during screen display updates. The second version of the criterion task represented the
common vigilance condition in which the worker is engaged in an additional task; in this case, a secondary auditory
task to answer queries about the location of specific vehicles on the map. This additional task was designed to
increase the mental resource demands imposed upon the subject to permit testing the ability of the battery to predict
vigilance performance under multitasking conditions.

Criterion tasks. Task duration was 60 minutes in all cases, analyzed as 6 successive 10-min. periods of
work. Correct detections and false positive responses were recorded for all task versions. The signal detection
theory index of perceptual sensitivity, d” (Macmillan & Creelman. 2005), was calculated from these response data
and was employed as the principal performance index in the validation study.

Participants and procedure. A total of 462 participants were recruited. They were allocated at random to
the four criterion task conditions as follows: Simultaneous detection task (110), Successive detection task (122),
Successive detection task with cueing (122), Successive detection task with auditory competing task (108).
Participants first completed the automated Vigilant Warrior™ described above. Then, participants participated in
two 2-min. practice sessions for the specific criterion task to be performed followed by the task itself for 60 minutes.

Results. Three sets of predictors were available from the tested battery of measures: (1) The dispositional
measures (personality and analytic skill), (2) mean &’ on the SVT, averaged across the six task periods (Cronbach o
=0.95), and (3) the subjective measures taken following the SVT including three stress state factors (Engagement,
Distress, and Worry), three coping scales (Task-focused, Emotion-focused, and Avoidance), and overall workload
from the modified NASA-TLX, calculated as an unweighted sum of the 6 rating scales. The performance criterion
was mean d’ on the criterion task, averaged across the six task periods (Cronbach a = 0.97) and was calculated
separately for each of the four criterion task versions: simultaneous, successive, successive with cueing, successive
with secondary task. Bivariate correlations showed that SVT &’, Analytic skil, post-SVT subjective state, and
coping all had some capacity to predict performance on the criterion task while the personality variables were
unrelated. We then proceeded to a multiple regression analyis using Analytic skill, SVT d’, and the strongest
stress/coping/workload measure, the task Engagement stress index.

Table 2. Summary Statistics For The Regression Of Simultaneous Mean d' Onto The Predictor Sets.

Step Predictors Rz AR? df F Table 2 shows the summary statistics for
1 Analytic Skill 086 086 2,107 5.01* predicting criterion mean d' on the Simultaneous
2 SVT o 283 198 1,106 29.22** task. The two Analytic skill variables, SVT d’, and
3 Engagement 326 043 1,105 6.64* post-SVT engagement all added to the variance
*p<.05, *p<.01 explained, explaining about 33% of the variance in

the criterion in total. The final equation attained
significance (R = .571; F4,105 = 12.87, p <.01).

Table 3. Summary statistics for the regression of Successive Mean d' onto the predictor sets.

Step Predictors R2 AR?  df F Table 3 shows the summary statistics for the
1 Task type 104 104 2,349 20.23* Successive criterion tasks. Again, all the predictor
2 Analytic Skill 254 150 2,347 18.05** sets made a significant contribution, adding 27.1% to
3 SVTd 374 120 1,346 46.01* the variance explained by task type (the three different
4 Engagement 385 011 1345 5.25* Successive task versions). The final equation attained
*p<.05, *p<.01 significance (R = .620; Fs345) = 35.95, p < .01).
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Conclusions on Assessment of Individual Differences in Vigilance Ability using Vigilant Warrior™

This study validated the Vigilant Warrior™ battery against a specific criterion-task simulation in a
laboratory setting. While further work will determine the generality of the results, the following conclusions are
justified from the large body of data assembled thus far. The results clearly vindicate the multivariate approach to
vigilance assessment upon which Vigilant Warrior™ was based. Use of multiple objective and questionnaire
predictors in Vigilant Warrior™ enhances predictive validity. The results also show that the predictor sets are
fairly consistent across different versions of the criterion task, implying that the battery has the capacity to predict
performance across a range of sustained monitoring tasks and to be practically useful for selecting workers both for
superior objective performance on sustained monitoring tasks and for greatest resistance to stress and fatigue.
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This paper discusses selection research and practice, with a focus on air traffic control specialists
(ATCSs). In the USAF and FAA, accurate selection of air traffic control (ATC) trainees is
essential because of the cost in time and money to train people for this high-consequence
occupation. The FAA continues longitudinal validation research for the Air Traffic Selection and
Training (AT-SAT) battery. Additionally, validation of the AT-SAT for placement by option
would allow the FAA to develop a process for assessing applicants’ potential to certify at
facilities, providing useful information when determining where placement should occur.
Frequently, psychiatric conditions are delineated in medical standards as disqualifying. The value
of correctly using psychological testing for screening for psychiatric conditions is addressed. In
the future, selection procedures in use today to hire ATCSs who use tactical techniques to separate
airplanes might prove to be inappropriate for ATCSs, who will be expected to use strategic ATC
methods.

Cognitive ability is the most thoroughly investigated psychological construct in studies of determinants of
occupational performance. Accumulated evidence, including several meta-analyses of common selection methods in
personnel psychology, has shown that general mental ability (g) is the best predictor of training and job performance
involving core technical proficiency (Jensen, 1998; Schmidt & Hunter, 1998, 2004). Further, the predictiveness of g
increases as job complexity increases (Gottfredson, 1997; Hunter, 1983). Gottfredson (1997) concluded that the
pervasive utility of g in work settings occurs because fundamentally it is the ability to manage cognitive complexity,
particularly by complex information processing.

Although g is the best predictor of several indicators of occupational performance, its validity can be incremented by
other measures. For training, the predictiveness of g is incremented by measures of personality, structured
interviews, and specialized job knowledge. For job incumbents, it is incremented by personality, job knowledge, and
work sample performance. Causal models have shown g to exert its influence on job performance both directly and
indirectly through the acquisition of job knowledge during training (Ree, Carretta, & Doub, 1998/1999; Ree,
Carretta, & Teachout, 1995).

Military Air Traffic Control Specialist (ATCS) Selection

Results from studies of U.S. military ATCSs are consistent with the broader occupational performance literature.
Several recent studies have focused on validation of the US military enlistment qualification and training
classification test, the Armed Services Vocational Aptitude Battery (ASVAB), and have shown it to be a good
predictor of ATC training performance (Carretta & King, 2008; Carretta & Siem, 1999; Held, 2006). Despite the
proven validity of the ASVAB, enlisted ATC training and post-training attrition is higher than desirable,
contributing to interest in additional selection methods to augment current procedures.

To this end, Carretta and King (2008) examined the utility of the FAA Air Traffic Selection and Training (AT-SAT;
King, Manning, & Drechsler, 2006) battery for incrementing the predictiveness of the ASVAB for enlisted US Air
Force ATC training. AT-SAT assesses cognitive and perceptual abilities and self-reported workplace characteristics,
identified by the Nickels, Bobko, Blair, Sands, and Tartak (1995) job analysis. Air Traffic Scenarios (ATS) is a
work sample test that involves the application of complex rules to control air traffic in an interactive, dynamic low-
fidelity simulation. ATS requires examinees to learn complex rules and prioritize tasks. The training criteria were
the average grade on written tests during an ATC Fundamentals course, the FAA Certified Tower Operator (CTO)
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test score, and a pass/fail training score. Due to the length of the AT-SAT, students completed one of three
overlapping subtest blocks. Sample sizes for the AT-SAT subtest analyses varied from 154 to 326.

All correlations were corrected for range restriction (Lawley, 1943). Those involving the pass/fail training criterion
also were corrected for dichotomization (Cohen, 1983). Results confirmed the predictive validity of the ASVAB
against all three training criteria. After correction, the correlation between a g-loaded composite of the four ASVAB
verbal/math subtests and the three criteria were: ATC Fundamentals (.760), CTO test score (.608), and training
pass/fail (.630). ATS was the only AT-SAT subtest that demonstrated incremental validity beyond the ASVAB for
all three training criteria. The increments in R? beyond the ASVAB were small but statistically significant for both
the ATC Fundamentals score (.020) and the CTO test score (.016). The R? increment for the dichotomous pass/fail
training criterion was larger (.156).

Missing from the Carretta and King (2008) study were strong measures of non-cognitive characteristics. A follow-
on validation study should include non-cognitive measures, including personality (King, Retzlaff, Detwiler,
Schroeder, & Broach, 2003) and improved medical assessment. Almost 25% of the Carretta and King study
participants were eliminated for non-academic/non-performance reasons, including anxiety, discipline issues, fear of
controlling, and loss of sleep. Neither the ASVAB nor the AT-SAT assess these non-cognitive factors. Finally, it is
recommended that follow-on validation studies examine additional training and post-training performance criteria.
These include performance in specialized training (control tower and radar approach control operations) and
measures of post-training performance (e.g., first-term attrition, supervisor ratings).

FAA ATC Selection

The FAA ATC selection process has multiple stages, some of which are designed to identify candidates who might
become ATCSs (select-in), and other stages designed to eliminate those that do not meet medical and/or security
requirements (select-out). This section of the paper will include examples of ’select-in” research, as well as “select-
out” research in the FAA. When selecting people to train for ATCS positions, two considerations should be kept in
mind: 1. does the person have the aptitude to become an ATCS? 2. If so, at which type of position, Tower/Cab,
Terminal Radar Approach Control (TRACON), or En Route, would this person most likely succeed? Once selected-
in, the candidate must pass medical and security screens. The medical screen includes a psychological assessment,
the value of which is discussed at the end of this section.

Between 1981 and 1992, the FAA hired and trained nearly 16,000 new ATCSs to replace those fired during the 1981
strike. This concentrated period of hiring has now led to a concentrated period of retirement as individuals in the
replacement workforce achieve 25 years of service. With increasing retirements, the FAA plans to hire
approximately 17,000 new ATCSs between 2008 and 2017. As it may take up to 3 years to train a fully certified
ATCS, the FAA’s training costs are not trivial. Therefore, to meet the hiring requirements and assure that the right
types of individuals are selected for subsequent training, the FAA developed and implemented the AT-SAT battery.

Since its implementation in 2002, nearly 12,000 applicants have taken AT-SAT, including more than 7,000 in the
past year. Due to a lack of available ATCS positions until recently, few who were selected by AT-SAT have
completed their training and become certified ATCSs. Moreover, former military ATCSs and civilian Department of
Defense ATCSs do not take the AT-SAT as part of the hiring process. For selection purposes, ATCS candidates are
considered qualified if they score 70-84.999 on AT-SAT and well-qualified if they score 85 or above.

It has only recently become possible to conduct an interim longitudinal validity analysis. In general, selection test
validity is judged by its ability to predict job performance. To do this, we would have to wait until enough trainees
who were selected based on their AT-SAT have become certified. However, we have access to training performance
data that can be used as an interim substitute for job performance. At the end of Initial En Route or Initial
Tower/Cab training classes, trainees’ performance is assessed by members of the Air Traffic Organization Training
and Development office. Performance verifications (PV) are academic assessments coupled with a skill-based
scenario, in which student ATCSs control simulated traffic while a field supervisor observes their performance. If
the student’s performance is not satisfactory on day one, they are given additional training followed by a second
assessment. Students either pass or fail the PV.
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Data were analyzed from 650 students who took AT-SAT as part of the hiring process and completed FAA
Academy training as of February 2008. Of these, only 57 failed PV the first time; 593 passed on their first attempt.
This substantial inequality creates problems for statistical analysis. To overcome these problems, we randomly
selected a subset of 75 of those who passed PV on their first attempt. All who failed PV on first attempt were
included in the analyses. The 75 randomly-selected students who passed PV on first attempt (N= 75, ¥ = 88.464,
std err = .876) scored significantly higher on AT-SAT than did those who failed PV (N=57, ¥ = 85.055, std err
=1.002), t = 2.56, p = .012. As with most selection tests, the range of AT-SAT scores available for analysis is
restricted.

Because the PV data are binary (pass/fail), a Logistic Regression (LR) was conducted. LR provides several useful
types of information, including an overall classification table. As can been seen in Table 1, AT-SAT correctly

predicted who will pass or fail PV for most of the trainees.

Table 1. Overall classification table from the LR analysis.

> Predicted PV
/. Passed Failed Percent correct
'S | Passed | 61 14 81.3
g Failed | 21 36 63.2
Overall percent correct 73.5

For the full sample, 93% of those who were well-qualified on AT-SAT passed PV on day 1. Of those who were
qualified on AT-SAT, 88% passed on day 1. The difference in pass rates between well-qualified and qualified
trainees was significant using Fisher’s exact test, p =.003.

After making a selection decision, the FAA decides in which ATC option a new hire will be placed. Remember that
ATCS options include en route, TRACON, and tower facilities. Currently, the FAA’s placement decisions for newly
hired ATCS are based only on where and when vacancies occur. Instructors who conduct field training report that 1)
some trainees who have aptitude for one type of ATCS option get placed into another option and 2) trainers are
sometimes forced to fail a trainee in one option when they believe that he/she would have been better able to
perform in a different option. These reports suggest that the FAA needs to develop a process that uses information
about a new ATCS’s potential to certify at a facility to decide where the individual should be placed. This process
will increase the efficiency of placing candidates into jobs and reduce costs associated with training and attrition.

Efforts are being made by the FAA, American Institutes for Research (AIR), and Personnel Decisions Research
Institute (PDRI) to validate the AT-SAT test battery for use as a placement tool. Although the development of AT-
SAT made extensive use of worker requirements for all three ATCS options, comparison of AT-SAT predictor
scores with tower-specific criterion performance measures was not possible in the in the original validation study.
As aresult, it is not currently known if AT-SAT can be used as a tool to place controllers by option. However, the
potential for AT-SAT to be used in this way has been recognized, and a requirement to validate AT-SAT as a tool to
inform placement decisions was documented in the FAA’s 2005 Controller Workforce Implementation Action Plan.

Four phases must be completed to validate AT-SAT for use as a placement tool. These are: 1) update existing
information regarding the activities and sub-activities of the tower cab ATCS; 2) develop criterion performance
measures associated with the sub-activities; 3) collect both predictor AT-SAT scores and criterion performance data
from incumbent tower ATCSs; and 4) compare and analyze the scores and performance data to determine how AT-
SAT subtests should be weighted. Our project is currently completing phase 2. The job performance measure
presents simulated air traffic scenarios to incumbent ATCSs then asks them to answer multiple-choice judgment
questions about what they observed. Researchers from PDRI worked with FAA ATCS contract instructors from the
University of Oklahoma and Raytheon to develop roughly 50 ATCT traffic scenarios and approximately 173
multiple-choice questions that correspond to these scenarios. The scenarios were programmed into a version of the
SIGNAL 3D ACTC simulator and recorded for presentation to incumbent ATCSs. ATCSs will see and hear each
scenario played on four monitors that represent the out-the-ACTC-window view and one monitor that represents the
ATCT radar presentation. Each scenario will be played for a few moments and then paused. When a scenario
pauses, a sixth computer display will present relevant multiple-choice questions. The questions were designed to be
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both standardized across different types of facilities and be challenging enough to differentiate between ATCSs who
are good and ATCSs who are exceptional performers.

While determining who has the aptitude for a given career or position within that career is a select-in function,
determining who is medically fit is a select-out function. Medical examinations typically include consideration of
the diagnostic categories outlined in the current Diagnostic and Statistical Manual of Mental Disorders (American
Psychiatric Association, 2000). Certain psychiatric diagnoses may be disqualifying if they jeopardize safety or
mission completion. Due to the Americans with Disabilities Act (ADA), the determination of fitness (and all
medical assessments) can be conducted only after a conditional offer of employment is tendered. In the realm of
ATCS selection, all tentatively selected applicants subsequently undergo a medical evaluation, which includes
visual, cardiovascular, and psychiatric assessments, as outlined in F44 Order 3930.34. Currently, the FAA
administers the Minnesota Multiphasic Personality Inventory-2 (King, Schroeder, Manning, Retzlaff, & Williams,
2008) as a screen. The FAA discontinued use of the 16PF due to a desire for a more thorough psychological
screening. For example, of 1,200 ATCS applicants screened with the 16PF in 2006 and 2,101 ATCS applicants
screened in 2007, only 3 (.25%) and 1 (.05%), respectively, were determined to be in need of additional assessment.
Although further assessment was not mandatory when an applicant was identified with the 16 PF, a psychiatric
assessment was typically conducted. Initial psychological testing is only used for screening. Candidates that do not
clear this screen are referred for additional psychological testing and a clinical interview. A clinical psychologist
employed by the FAA and medical personnel review the raw data forwarded by the private practitioners who
conduct these follow-up assessments. Applicants are disqualified based on the presence of a personality disorder or
other psychiatric conditions (to include substance abuse) that pose a “potential hazard to safety in the Air Traffic
Control System” (p. 10, FAA Order 3930.3a).

Select-in and select-out processes provide valuable information for hiring authorities; however, practitioners must be
careful to not confuse the goals of select-in and select-out testing because tests of psychopathology will not provide
useful predictive information about who has the aptitude to succeed in a career field. Conversely, select-in methods
will not indicate who is suffering from a psychiatric illness. Optimally, the two approaches should be used in tandem
(Carretta & King, 2008) and in the correct order to comply with ADA requirements.

The Future of ATC

The Joint Planning and Development Office (JPDO) proposed a plan for the Next Generation Air Transportation
System (NextGen; JPDO, 2007) that is expected to increase airport and airspace capacity to meet future air traffic
demands. As a result, considerable changes may be made to the job of the U.S. ATCS. If the ATCS job changes,
then procedures used to select ATCSs may also need to change. This section addresses several issues concerning the
selection of ATCSs in the NextGen timeframe.

How might NextGen changes affect the ATCS job of the future? NextGen is envisioned to allow pilots to operate
with minimal flight interventions. NextGen will provide more data to the cockpit and allow pilots to make more
decisions about real-time operations. The likely effect of near-term technology changes, such as Automatic
Dependent Surveillance-Broadcast (ADS-B) and DataLink (DL) on the ATCS’s job will be to provide more accurate
information about aircraft locations, present information in a different format, or make minor changes to the
procedures (e.g., standardizing arrival routes used by commercial pilots may reduce the number of manual handoffs
required). Other changes, such as airspace redesign and flow efficiencies (FAA, 2007a; FAA, 2007b) might make
the job easier (e.g., by reducing the amount of required coordination with other ATCSs), or more difficult (e.g., by
increasing the number of runways available, and, thus, the amount of attention required to monitor them). These
kinds of changes are minimal and are not likely to affect significantly the ATCS’s roles and responsibilities.

However, other proposed NextGen technologies may have a greater impact on the ATCS’s job. These include
automated conflict resolution (Kirk, Bowen, Heagy, Rozen, & Viets, 2001) and transferring more responsibility for
aircraft separation from the ATCS to the pilot (Bilimoria, Sheth, Lee, & Grabbe, 2000) or to automation (FAA,
2007a). Significantly increasing the number of aircraft controlled or reducing separation standards may also result in
a dramatic change in the way ATCSs perform their jobs.

Predictions about the job of the future ATC usually involve more monitoring and fewer tactical decisions (Della
Rocco, Manning, & Wing, 1990). These predictions produce questions about whether ATCSs can perform tasks
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effectively if they monitor traffic without controlling it. Can an ATCS quickly resolve a crisis that automation
cannot handle? How well can an ATCS be expected to maintain situation awareness while pilots or automation
make most of the separation decisions? Moreover, if traffic volume is higher and aircraft are more closely spaced
than at present, can ATCSs observe all relevant activity and step in to take appropriate action during an emergency?

What abilities will be required to perform the ATCS job(s) of the future? Making major changes to the ATCS job
could affect the knowledge, skills, and abilities needed to perform air traffic control tasks. The abilities required to
perform the ATCS’s job are measured by selection procedures. The FAA has invested significant effort in
developing selection procedures that measure the abilities required to perform today’s ATCS job. These are based
on a set of 66 “worker requirements” that include communication, computation, memory, meta-cognition, reasoning,
information processing, attention, perceptual/ spatial, interpersonal, self-efficacy, work and effort, and
stability/adjustment (Morath, Quartetti, Bayless, & Archambault, 2001). The worker requirements were linked with
98 ATCS subactivities associated with ensuring the safe and expeditious flow of traffic and responding to
emergencies or special conditions. As long as today’s FAA ATCS continues to ensure the safe and expeditious flow
of traffic by performing situation monitoring, resolving aircraft conflicts, managing air traffic sequences, routing or
planning flights, assessing weather impact, and managing sector and position resources (Ammerman et al., 1987),
then the abilities required to perform the job will probably not change much even if ATCS procedures undergo fairly
major changes.

Some believe that introducing automation into ATC will not have a big effect on the ability requirements needed to
perform the job. For example, Manning and Broach (1992) asked a team of ATCSs who had analyzed operational
requirements for a system that provided conflict resolution advisories to assess the effect this automation would
have on nine ability requirements. The group believed that the automation would produce some changes in the
ATCS’s job but predicted that the ATCS of the future would require about the same level of abilities to perform
their tasks using the new automation. Moreover, they did not believe that additional abilities would be required to
perform the new automated job. However, if more significant changes occurred in job tasks, such as removing
responsibility for control decisions, replacing tactical decision making with strategic analysis, and monitoring rather
than controlling actions taken by pilots or automation, then the abilities required to perform the job might change.
ATCSs may still perform situation monitoring, resolve aircraft conflicts, manage air traffic sequences, route or plan
flights, assess weather impact, and manage sector/ position resources but in a much different way (Ammerman et al.,
1987) that involves processing information, receiving status updates, choosing automation-identified resolutions,
suppressing alerts, and checking conflict violations.

We do not yet know how relevant these abilities will be to performing the future air traffic management job. To
obtain a complete answer to this question requires conducting a strategic job/task analysis (SJA) for the new job and
using the result to identify the associated future ability requirements. One problem with conducting an SJA is that it
is difficult to obtain accurate information about the future job until after important decisions about it have been
made. It will be difficult to conduct a reasonable SJA during early developmental stages of a system that has not yet
been fielded. However, some methods have been developed to allow describing future tasks based on the limited
amount of information available today (Landis, Fogli, & Goldberg, 1998; Schneider & Konz, 1989).

When the job tasks that will be performed by ATCSs in the NextGen timeframe are identified, additional analyses
will identify ability requirements associated with the job tasks and tests of new abilities will be obtained or
developed. It will be necessary to update information about future job/tasks as revised descriptions of the future job
become available.
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THE ROLE OF COMMON METHODS IN PERSONNEL SELECTION

Thomas R. Carretta
Air Force Research Laboratory
Wright-Patterson AFB, OH, USA

Cognitive ability is the most widely researched psychological construct in studies of
determinants of occupational performance. Results of meta-analyses of common selection
methods in personnel psychology indicate that general mental ability (g) is the best
predictor of training and job performance involving core technical proficiency. For
training, the predictiveness of g is incremented by measures of personality and
specialized job knowledge. For job incumbents, the predictiveness of g is incremented by
personality, job knowledge, and work sample performance. In addition to the predictive
validity of g, personality, and prior job knowledge, their role in the acquisition of
additional job knowledge and subsequent job performance has been demonstrated in
causal models. These results are consistent with those for diverse military occupations
including pilots and several enlisted technical specialties. Several studies are reviewed
examining the relations of g and other common selection constructs to training
performance for military jobs including air traffic controllers.

Personnel selection research provides overwhelming evidence that general mental ability (g) is an
important determinant of training and job performance (Gottfredson, 1997; Jensen, 1998; Schmidt &
Hunter, 1998, 2004). Further, the predictive validity of g is directly related to job complexity
(Gottfredson, 1997; Hunter, 1983b). Hunter (1983b) demonstrated this in analyses of a US Department of
Labor database of 515 diverse jobs. Hunter classified these jobs into categories according to complexity
of data handling (low, medium, and high) and complexity of dealing with things (simple
feeding/offbearing and complex set-up work). The validity of g rose as job complexity increased. The
average corrected validities of g for the low, medium, and high data complexity jobs were .40, .51, and
.58. For the low complexity feeding/offbearing jobs and complex set-up work jobs the corrected validities
were .23 and .56. Gottfredson (1997) concluded that the pervasive utility of g in work settings occurs
because essentially it is the ability to manage cognitive complexity, in particular, complex information
processing.

Incrementing the Predictiveness of g
Specific Abilities, Knowledge, and Non-Cognitive Characteristics

Several studies have examined the utility of specific abilities and knowledge as well as non-cognitive
characteristics for incrementing the predictiveness of g versus a wide range of occupational performance
criteria. McHenry, Hough, Toquam, Hanson, and Ashworth (1990) investigated the predictiveness of
measures of g, spatial, perceptual-psychomotor, temperament/personality, vocational interest, and job
reward preference for nine US Army jobs. Training criteria were five job performance factors identified
by Campbell, McHenry, and Wise (1990): core technical proficiency (job-specific task proficiency),
general soldiering proficiency (non-job-specific task proficiency), effort and leadership (demonstrating
effort), personal discipline (maintaining personal discipline), and physical fitness and military bearing.
General mental ability was predictive of all of the job performance factors and was the best predictor of
core technical proficiency and general soldiering proficiency with correlations of .63 and .65 corrected for
range restriction. None of the other predictors incremented g by more than .02 versus these criteria. For
the other job performance factors, temperament/personality was incremental to g or superior to g for
prediction.
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Ree, Earles, and Teachout (1994) examined the predictiveness of g and specific abilities for job
performance in a sample of 1,036 US Air Force enlisted personnel in seven jobs. Job performance
measures consisted of hands-on work samples, job knowledge interviews, and a combination of the two
called the “Walk Through Performance Test.” Measures of g and specific abilities were extracted from a
multiple aptitude battery and regressions compared the predictiveness of g and specific abilities. Across
the seven jobs the average validity of g was .40 for the hands-on work sample, .42 for the job knowledge
interview, and .44 for the “Walk Through Performance Test.” Adding the specific ability measures
increased the validity by an average of only .02. These results are very similar to those of McHenry et al.
(1990).

In a large-scale meta-analysis spanning 85 years of published studies, Schmidt and Hunter (1998)
examined the utility of measures of g and 18 other commonly used personnel selection procedures versus
training and job performance. They estimated the predictive validity of g to be .56 for training and .51 for
job performance. For training, the two combinations of predictors with the highest multivariate validity
were g plus an integrity test (mean R = .67) and g plus a conscientiousness test (mean R =.65). For job
performance, the three combinations of predictors with the highest multivariate validity were g plus an
integrity test (mean R = .65), g plus a structured interview (mean R = .63), and g plus a work sample test
(mean R = .63).

Job Knowledge and Work Sample Tests

Job knowledge and work sample tests are developed around the assumption that examinees already
have job-related technical knowledge or know how to do the job. Although they are useful for predicting
performance for job incumbents (Schmidt & Hunter, 1998), they generally are not suitable for untrained
applicants. Their use for training was unusual enough that Schmidt and Hunter (1998) did not include
them in their meta-analyses involving training.

There are some notable exceptions. US military selection and classification batteries such as the Air
Force Officer Qualifying Test (AFOQT; Carretta & Ree, 1996) and Armed Services Vocational Aptitude
Battery (ASVAB; Segall, 2007) include technical knowledge (non-specific job knowledge) subtests
(aviation information, electronics, mechanical, auto/shop) that are used for technical training
qualification. These tests measure knowledge that anyone interested in a particular topic might learn from
their choice of educational and recreational pursuits. The key concept is that these types of tests are
surrogate measures of skill, interest, and motivation in a particular area (Guilford, & Lacey, 1947).

Although work sample tests (e.g., use of flight simulators by commercial air carriers to assess the skill
level of experienced pilots) are associated with job incumbents, not all work sample tests are of this type.
Beginning in the 1960’s, there have been several efforts to develop work sample tests of trainability
suitable for untrained applicants (Robertson & Downs, 1979, 1989). The unique characteristic of work
sample trainability tests is that they provide applicants a structured learning experience followed by a test.
They also have very good face validity. A disadvantage of these tests is that they typically require long
training periods while applicants learn complex rules and procedures. Examples include the Automated
Pilot Aptitude Measurement System (Long & Varney, 1975), the Canadian Automated Pilot Selection
System (Spinner, 1991), and the FPS 80 (Gress, & Willkomm, 1996) for pilot training and the FAA Air
Traffic Scenarios subtest (King, Manning, & Drechsler, 2006) for air traffic controllers. Robertson and
Downs (1989) conducted a meta-analysis of work sample tests of trainability and concluded that they
provide good prediction of short-term training performance.
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Causal Models

In addition to their predictive validity, the causal role of g, personality, and prior job knowledge in
job performance has been demonstrated. Hunter (1983a) reported causal analyses of meta-analytically
derived correlations linking g, job knowledge, job performance (work samples), and supervisory ratings
from 14 studies with 3,264 participants. Hunter found that g (ability) had both a direct and indirect
(through job knowledge) influence on job performance. Job knowledge, in turn, had a major causal
impact on job performance and supervisory ratings. Ability had no direct effect on supervisory ratings; all
effects were moderated. Although job knowledge and work sample performance accounted for all of the
relationship between ability and supervisory ratings, the total causal impact of g was considerable.

Borman, White, Pulakos, and Oppler (1991) expanded the variables used by Hunter (1983a). Their
causal models included measures of cognitive ability, job knowledge, personality (achievement
orientation and dependability), task proficiency, problem behavior, and supervisory ratings of
performance. Participants were 4,362 US Army personnel in 9 jobs. Cognitive ability, job knowledge, and
dependability played strong indirect causal roles on task proficiency and supervisory ratings.
Dependability had a modest causal influence on disciplinary actions (problem behavior).

Ree, Carretta, and Teachout (1995) and Ree, Carretta, and Doub (1998/1999) added the construct of
prior job knowledge to occupational causal models for US Air Force pilots and enlisted personnel in
technical training specialties. Prior job knowledge was defined as job relevant knowledge applicants
acquire prior to training. Ree et al. (1995) observed a strong causal influence for g on prior job
knowledge. No direct path was found for g to either of two work sample performance factors derived
from check flight grades in early and late jet training; however, its indirect influence moderated through
job knowledge was observed. This study also involved a set of three sequential training courses. Most of
the influence of g was exerted indirectly through the acquisition of job knowledge in the sequential
training courses.

Military Air Traffic Controller Selection

The purpose of this section is to evaluate recent US military studies of air traffic controllers in light of
the more general findings regarding the determinants of occupational performance.

Over the last decade, the US military has conducted several studies to examine the determinants of
enlisted air traffic controller (ATC) performance. Research has focused on validation of the Armed
Services Vocational Aptitude Battery (ASVAB; Segall, 2007) and has shown it to be a good predictor of
ATC training performance (Carretta & King, 2008; Carretta & Siem, 1999; Held, 2006). Despite the
proven validity of the ASVAB, enlisted ATC training and post-training attrition is higher than desirable,
contributing to interest in additional selection methods to augment current procedures.

To this end, Carretta and King (2008) examined the utility of the FAA Air Traffic Selection and
Training (AT-SAT; King, Manning, & Drechsler, 20006) battery for incrementing the predictive validity of
the ASVAB versus enlisted US Air Force ATC training performance. The ASVAB has 9 subtests that
measure cognitive ability (verbal, math, and spatial) and technical knowledge. The AT-SAT battery was
developed based on results of a job task analysis of the FAA ATC career field. It includes 8 subtests that
assess cognitive and perceptual abilities and self-reported life experiences. One of the subtests, Air Traffic
Scenarios (AT) is a work sample test that involves the application of complex rules to control air traffic in
an interactive, dynamic low-fidelity simulation. The AT subtest requires examinees to learn complex
rules and prioritize tasks. The training criteria were the average grade from several written tests during an
ATC Fundamentals course, the FAA Certified Tower Operator (CTO) test score, and a dichotomous
graduation/elimination training score. The ATC Fundamentals course includes classroom instruction in
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ATC fundamentals, control tower operations principles, and ATC radar/non-radar principles. The FAA
CTO test assesses job knowledge involving airport traffic control procedures, flight rules,
communications operating procedures, flight assistance service, aviation weather, air navigation and aids
to air navigation, and en route traffic control procedures. Due to the length of the AT-SAT battery (6 ¥ to
8 hours), students were not given all of the subtests. Instead, each student completed one of three
overlapping test blocks. Sample sizes for the AT-SAT subtest analyses varied from 154 to 326.

All correlations were corrected for range restriction (Lawley, 1943). Those involving the
graduation/elimination training criterion also were corrected for dichotomization (Cohen, 1983). Results
confirmed the predictive validity of the ASVAB against all three training criteria. After correction, the
correlation between a g-loaded composite of three of the four ASVAB verbal/math subtests and the three
criteria were: ATC Fundamentals (r = .757), CTO test score (r =.596), and training graduation/
elimination (r = .610). Air Traffic Scenarios was the only AT-SAT subtest that demonstrated incremental
validity beyond the ASVAB for all three training criteria. The increments in R* beyond the ASVAB were
small, but statistically significant for both the ATC Fundamentals score (.034) and the CTO score (.020).
The R? increment for the dichotomous graduation/ elimination training criterion was larger (.156).

Additional analyses of the Carretta and King (2008) data were conducted to shed light on what is
being measured and the sources of predictive validity for the ASVAB and AT Scenarios subtests. After
correction for range restriction, the ASVAB verbal/math composite and a composite of the three AT
Scenarios subscale scores correlated .695, suggesting that despite its appearance the AT Scenarios test
largely measures g. Another method to assess what is being measured is to conduct a principal
components (PC) analysis of the scores and examine the unrotated component matrix. Results of a PC
analysis of the 9 ASVAB and three AT Scenarios scores using data corrected for range restriction yielded
two components with Eigenvalues greater than or equal to 1. The first unrotated PC, which for cognitive
tests provides a lower-bound estimate of the g-saturation of the scores (Ree & Earles, 1991), accounted
for 60.3% of the total variance. The average loading for all 12 scores, all 9 ASVAB subtests, the four
ASVAB verbal/math subtests, and the three AT Scenarios scores were .771, .796, .820, and .714
respectively. Although the AT Scenarios scores are not as g-loaded as the ASVAB subtests, it is clear
they have a strong g component.

Factor scores were computed using the PC weights and each of the three ATC training criteria were
regressed on them. The first principal component score (representing a general factor) was the only one
that contributed significantly to the prediction of all three criteria. The PC score that was defined by the
three AT scenarios scores also contributed to the prediction of the graduation/elimination training
criterion. These results indicate that the AT Scenarios test is predicting unique variance in the
graduation/elimination criterion beyond that provided by g.

Summary and Recommendations

Accumulated research has shown cognitive ability to be a crucial determinant of occupational
performance across a variety of jobs. Further, the predictiveness of g is incremented by measures of
personality, job-related knowledge, and prior job experience (the later for job incumbents). Results from
studies of military ATC training are consistent with the broader occupational performance literature.

A missing component of the Carretta and King (2008) study was the absence of strong measures of
non-cognitive characteristics in the test battery. A follow-on validation study should expand the predictors
to include non-cognitive measures, including personality (King, Retzlaff, Detwiler, Schroeder, & Broach,
2003) and improved medical assessment. Almost 25% of the eliminations in the Carretta and King study
were for non-academic/non-performance reasons, including anxiety, disciplinary, fear of controlling, and
loss of sleep. Neither the ASVAB nor the AT-SAT are designed to assess these non-cognitive factors.
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Finally, it is recommended that follow-on validation studies examine additional training and post-
training performance criteria. These include performance in ATC specialized training tracks (control
tower operations, radar approach control operations) and measures of post-training performance (e.g.,
first-term attrition, supervisor ratings).
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RUNWAY INCURSION PREVENTION USING AN AUDIO INTERVENTION
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From 2004 through 2007 runway incursions (RI), an FAA high priority safety item, have
continuously increased (FAA, 2008). The FAA has sought mitigation proposals; here we suggest
one such solution. Byrne, Kirlik and their students (2005, 2006, 2007) suggested one possible
cause of RIs to be pilots making errors when given counterintuitive taxi instructions (i.e., turns
away, as opposed to towards, their ultimate destination). Using this work as a foundation, we
identified counterintuitive taxi geometries at Willard Airport (CMI), conducted an experiment
with 14 certified flight instructors working at CMI in a simulation of landing and taxiing, and
tested potential countermeasures. In addition to replicating Byrne and Kirlik’s observations of
systematic errors in turns violating experiential and geometrical expectations, we showed that our
verbal guidance intervention aided all 7 pilots in correctly navigating the counterintuitive turn
whereas only 1 of 7 within the control group did so.

Early in the morning of August 27, 2006 Comair flight 5191 crashed while attempting to take off from Blue
Grass Airport in Lexington, Kentucky (NTSB, 2006). In a tragic turn of events, the airplane attempted to take off on
runway 26 instead of runway 22. Runway 26 was too short for the aircraft to become airborne and it ran off the end
of the runway killing 49 people. This accident illustrates the necessity for pilots to maintain geographical awareness
of their assigned taxi instructions and their position on the airfield. These types of failures often result in runway
incursions (RI) and, as illustrated in this example, can have tragic results.

Runway incursions are defined as “any occurrence at an aerodrome involving the incorrect presence of an
aircraft, vehicle or person on the protected area of a surface designated for the landing and takeoff of aircraft” (FAA,
2007, p. 43). Rls increased from 330 to 370 from FY2006 to FY2007. Rls in FY2008 numbered 1009. Likely
though, this is due in part to the FAA’s adoption of a new, more conservative, definition of runway incursion.

(FAA, 2009). An investigation of causes of RIs in a review of 300 Aviation Safety Reporting System reports from
FY2004 showed that pilots noted problems with expectations between where they perceived the hold short lines (the
lines beyond which clearance is required to proceed) should be and where they anticipated they would hold in about
one third of the incidents (FAA, 2005). Inappropriate actions based on these false expectations are known as
expectancy violations and often result from the adverse influence of habit patterns. This finding suggests that aiding
pilots in maintaining knowledge of position on the airfield may help reduce Rls.

In a study by Byrne, Kirlik and their students (2005, 2006, 2007) it was shown that pilot decision making
methods changed across the spectrum from well planned out to guessing as available decision time was reduced in
severe low visibility conditions (fog). Further, pilots were more likely to make errors when a counterintuitive taxi
instruction (i.e., with turns away, as opposed to towards, their ultimate destination) was given. This characteristic
behavior was modeled and validated through comparison with data from a NASA experiment of pilot navigation
error in a simulation of Chicago O’Hare International Airport. In fact, every turn-related decision error in the
NASA experiment could be explained by the model as owing to a counterintuitive relationship between the direction
of the required turn and the turn that most closely corresponded to the direction of the destination gate. Thus, Byrne
et al. identified one possible systematic cause of Rls.

Known human factors issues associated with automation are also relevant to the discussion of Rls; any
mechanism created to aid pilots in preventing RIs must be designed accordingly. Automation can impair situational
awareness (SA) due to changes in vigilance, complacency associated with monitoring, and changes in the quality of
feedback provided to the human operator (Endsley & Kiris, 1995). An operator’s level of trust in automation
matters as well. Over-trust becomes an issue if an operator unduly trusts the system and accepts its counsel without
fully understanding the entire situation. This complacency may lead to a difficulty in detecting automation errors, a
loss in overall operator SA through failing to fully monitor the situation, and a potential degradation in skill
(Wickens & Hollands, 2000). Under-trust, on the other hand, results in the pilot not choosing to use automation
when it could increase safety. Despite these concerns, automation can provide novel solutions in addressing Rls
when combined with an understanding of these human factors issues.
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Based on these tenets, we explored the effectiveness of an automated intervention to prevent Rls due to
counterintuitive taxi instructions. This intervention gave pilots progressive taxi instructions to and from their on-
field destinations at counterintuitive taxi points and corrected them if they deviated from their prescribed route. We
hypothesized that this intervention may help reduce the adverse impact of expectancy violations and habit patterns.

Method

We designed an experiment for experienced flight instructors with the goal of replicating the
counterintuitive turn diagnosis of RI identified by Byrne, et al. (2005, 2006, 2007) as well as to test an intervention
to prevent these types of errors. With help from a subject matter expert familiar with flight operations at Willard
Airport (CMI), we located a point on the airport surface where pilot habit patterns were likely to be previously
established and that these habits would be likely to transfer to a simulation. This afforded an opportunity to study
expectancy violations due to a counterintuitive turn. To achieve this, an accurate re-creation of CMI airport was
developed in an X-Plane® PC-based, flight simulator. To ensure generalizability to CMI, engineering drawings of
all taxiway routes and markings were used. Instructor pilots with previous experience flying at CMI were chosen so
that issues of unfamiliarity with CMI as well as control of the aircraft itself would not create confounding sources of
error in the experimental results. That is, we did not want a pilot’s inability to control the airplane to be a factor in
the route they chose to taxi.

Our experiment investigated whether an intervention could prevent possible Rls at the point identified on
the airfield when taxi instructions for counterintuitive turns were given. To create the setting for a counterintuitive
taxi instruction, participants flew multiple approaches to a landing followed by taxiing to a known position (locally
called the “orange corral”) at CMI over two days. All but the last trial on the second day had the purpose of
establishing a habit pattern so that when a counterintuitive taxi instruction was given on the last trial it would be
unfamiliar. The pilots were told that they were evaluating the simulator itself and were not aware of the purpose of
the experiment until the end of their participation. This was required because knowledge of the experimenters’
intent could affect the participants’ performance of the task.

On the first day of the experiment all participants were asked to land on runway 32R then taxi to the orange
corral on A5, A, and A2 (Figure 1) via prerecorded ATC instructions. This scenario was repeated eight times. On
the second day all participants had the same scenario as the first day for the first seven trials. On the eighth, and
final, trial of the second day the taxi instruction was altered to taxi to the orange corral via A5, A6, A, A2 (Figure 2).
The only difference between the two groups of pilot participants was that a simulation of our intervention was active
for the experimental group, but not for the control group. This intervention cued the A6 turn (counterintuitive turn)
once the turn off of 32R was completed and gave course corrections in the event the prescribed taxi route was
deviated from. The intervention cue for A6 consisted of the statement, “Now approaching alpha six, turn right to
zero niner two, onto alpha six.”

The researchers took written notes during each session on participant taxi routes and verbalizations.
Participants were encouraged to treat the simulated flights as if they were actual flights and they were specifically
requested to make read-back calls to ATC as if they were actually using the radio. To better recreate normal taxi
conditions, they were also instructed to taxi at speeds they typically used at CMI.
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In addition to the intervention just described, we tested a different intervention with one additional
participant. This intervention was simply to add the phrase to “I say again” to the last trial’s taxi instructions in the
attempt to raise the saliency of the counterintuitive turn. For this participant, the procedure was identical to the
control group except the taxi instruction was: “Turn right on AS taxi to Orange Corral via A5, A6, I say again A6,
A, A2” in the final trial. The intention was to test if repetition of the counterintuitive turn in the instruction would
raise awareness of its counterintuitive nature.

Results

Each participant’s performance was assessed based on his or her taxi instruction read-back and turn to A5
or A6 during the final trial on the second day. Four of the 7 participants in the control group read back the taxi
instruction correctly; whereas only 1 in the intervention group did. However, only 1 person in the control group
followed the correct taxi route (14% success rate). Despite taking the correct route, the observer noted participant
hesitation at the turn’s decision point. Many other control group participants also demonstrated hesitation
independent of whether their taxi instruction read-back was correct or not.

In the intervention group, all 7 of the participants made the correct turn onto A6. Hesitation and confusion
were noted (e.g., some participants had an inquisitive voice inflection, questioning the taxi instruction’s inclusion of
“A6”). The difference in the two groups’ taxi performance was statistically significant () yaes = 7.29, p <0.01).
Finally, for the participant given the taxi “I say again” intervention, the participant made both the correct read-back
and correct taxi route. During the post-experiment debriefing the participant stated that hearing A6 stuck out from
the routine taxi instructions, but hearing “I say again, A6” made it very salient.

Discussion

This experiment sought to determine if some taxi errors result from expectation failures and if so, test a
way of mitigating this problem. Pilot expectations and habits are difficult to overcome in atypical situations; this
was demonstrated in that only 1 participant in the control group took the correct route while the 6 remaining
participants took the habitual route. This provides converging evidence with Byrne, et. al. (2005, 2006, 2007) that
counterintuitive turns are a possible systematic cause of RI errors. In contrast to the control group, all 7 of the
participants in the experimental group made the correct turn to A6. These results suggest that our intervention
contributed to the experimental group’s success in taking the correct taxi route over that of their habit patterns.

Our anecdotal test of the “I say again” intervention produced quite interesting results. This pilot had
distinctly more confidence in the taxi instructions than those in the experimental or control groups. We attribute this
to the repetition of the instruction regarding the counterintuitive turn. This repetition provided indication of an
awareness of issuing a non-conventional taxi route and also provided confirmation that the taxi instruction was not
in error. This type of modification could be accomplished by training each airport’s air traffic to identify non-
standard/counterintuitive taxi routes and repeating those sections while issuing taxi instructions.

Conclusion

Runway incursion prevention is crucial to aviation safety. Our intervention was designed to prevent one
possible cause of taxi navigation error that has been found, both in our study, and previously by Byrne, et. al. (2005,
2006, 2007). These results provide converging evidence that a systematic and addressable source of taxi error lies in
habit patterns and counterintuitive taxi routes. We have demonstrated that interventions that alert and direct pilots at
counterintuitive turn points can reduce the prevalence of these errors. With additional research we believe that these
types of interventions could be implemented with existing technology in aircraft and on the airfield, and thus could
be an effective and timely solution to RI prevention at all sizes of airports. In summary, a possible systematic cause
of human error has been identified and an intervention has been proposed and empirically demonstrated to eliminate
or reduce these errors.
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This paper describes the results of a human in the loop simulation that evaluated enhancements to a Cockpit
Display of Traffic Information (CDTI). Runway safety critical information was highlighted on the CDTI to
facilitate flight crew situation awareness and conflict detection for different groups of pilots (General Aviation
and commercial) and under different operational settings (crew and single pilot). The evaluated CDTI
enhancements are currently being defined by RTCA Special Committee 186 and based on the use of Automatic
Dependent Surveillance-Broadcast (ADS-B). The results suggest that highlighting of certain traffic relevant
information is promising to increase pilot’s hazard detection over a normal CDTI but requires further
refinement. This paper describes the primary simulation performance and subjective evaluation results and
offers directions for further research and development.

The International Civil Aviation Organization (ICAO) and the Federal Aviation Administration (FAA) both
define Runway incursions (RIs) as any occurrence at an aerodrome involving the incorrect presence of an aircraft,
vehicle or person on the protected area of a surface designated for the landing and takeoff of aircraft. Rls at airports
in the United States have been a major area of concern for the National Airspace System (NAS) for the past several
years.

To address this problem, extensive human factors research has been performed. This research has generally
indicated that human behavior is a root cause for runway incursions (FAA 1998). For example, Adam and Kelly
(1996) performed an extensive survey with 1437 pilots from two commercial airlines and interviewed a subgroup of
them to identify causal factors for RIs. The study identified factors contributing to runway incursions as related to
airport characteristics such as signage, markings, lighting, runway geometry, as well as lack of familiarity of pilots
with the airport surface and procedures. Other factors are related to the communication of control clearances via
auditory communication channels, which frequently represent an information bottleneck under stress conditions, as
well as factors concerning crew and air traffic control operational procedures. Overall, contributing errors may be
caused by pilots, controllers (Bales, Gillian, & King, 1989; Steinbacher, 1991), or surface vehicle operators.

Over the last years, multiple approaches have been adopted to reduce runway incursions and collisions. In the
United States, enhanced airport surface markings (FAA, 2006a) have been introduced and runway occupancy status
lighting systems (FAA 2007) have been developed. Also, controller alerting systems such as the Airport Movement
Area Safety Systems (AMASS, FAA 2005), and ASDE-X (FAA 2006b) have been developed. New airport designs,
such as end around taxiways that allow aircraft to taxi around a runway instead of crossing it have been developed to
reduce the occurrence of runway crossings. A Runway Incursion Information Evaluation Program (RIIEP) was
created to learn more about runway safety hazards. In addition, the FAA has been providing guidance to airlines for
standardizing ground operations (FAA, 2008, FAA 2003), and the FAA and pilot associations have been providing
training and education about runway safety to pilots in various formats including workshops, websites, and DVDs.
Flight decks have started to be equipped with moving maps that can display the airport and airport surface
movement area. Also auditory systems that are intended to increase pilot awareness about surface hazards (RAAS,
Honeywell, 2003) have started to be put on airplanes. Further, standards for the Cockpit Display of Traffic
Information (CDTI) have been developed for different platforms on the flight deck such as Electronic Flight Bags
(EFBs).

International efforts have included the development of an Advanced Surface Movement Control Guidance
System (A-SMCGS) that provides surface traffic management, guidance, and alerting functionality to Air Traffic
Control (ATC) and pilots (see IFATCA 2003; Roeder et al., 2008). A-SMCGS has been providing safety
functionality for ATC and ongoing development are adding functionality for the flight deck (Vernaleken, Urvoy,
Klingauf, 2007).
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Specifically, a significant amount of research and development activities has been performed on flight deck-
based airport surface safety systems (e.g. Jones 2002; Young & Jones 2001). One aspect of that research that has
found its way into aviation standards and cockpits are CDTI capabilities that are targeted to increase flight crew
situation awareness (see standards “Airport Surface Situation Awareness” and “Final Approach and Runway
Occupancy Awareness”, RTCA 2003).

The study that is described in this paper builds on these standards, and is intended to enhance CDTIs to render
them more effective for increased runway safety. While traffic displays may increase the situation awareness of
pilots under many situations when sufficient time is available to scan the display, pilots may need to find relevant
information under safety critical situations more quickly. Specifically, when operating in high traffic volumes on the
airport surface, CDTIs may be filled with much traffic that is mostly irrelevant for the flight crew. This would
distract from the information that is of critical importance. The research that is described here investigated methods
to highlight runway safety critical information on the CDTI that should allow flight crews to better understand the
relevant aspects of safety critical situations. In the following sections, first that application is described, then
simulation results are presented, and finally conclusions are derived.

DESCRIPTION OF APPLICATION

The described application adds traffic and runway highlighting on a CDTI to help enhance flight crew
situation awareness and conflict avoidance. The term “highlighting” is here used to describe the information given
to a flight crew to identify traffic and runway status that may become a runway safety hazard even if current
conditions are normal (Moertl & Duke, 2008). Such highlighting should not actively attract attention of flight crews
and does not represent an alert. It is intended to simplify the pilot task of finding runway safety relevant information
on a CDTI before an alerting situation occurs. Highlighting occurs if traffic was either currently on a runway,
entered a runway, or was on approach to a runway. Thereby, the flight crew uses the CDTI in combination with
other information inside and outside the cockpit to obtain traffic situation awareness and determine the appropriate
course of action.

Highlighting as provided in the simulation was context independent and not sensitive to the position,
movement, and heading of ownship. The chosen implementation was a preliminary, and relative simple
implementation that was intended to collect initial feedback that could then be used to determine if more complex
implementations would be required.

A runway could be highlighted as either ‘in use’ or ‘occupied’ The “in use” highlighting occurred when
an aircraft was currently moving on that runway or was predicted to be moving on that runway at high speed (above
40 knots). A runway was highlighted as “occupied” when an aircraft was stopped or moving on that runway at low
speed (at or below 40 knots). For the purposes of this simulation, runway use and occupancy by aircraft was
highlighted on all runways ahead of ownship.

Runway and traffic highlighting consisted of both graphical and non-graphical elements. Graphical
highlighting included: highlighted runway (A in Figure 1), highlighted traffic (B), and ownship symbol (D). Non-
graphical highlighting included a message text box (E), flight ID and groundspeed indications (C), an indicated
aircraft data block (F), and a highlighted runway label (H). The graphical runway usage highlighting (G) was not
used in the simulation, due to technical limitations. The graphical highlighting was only visible when the zoom
setting of the CDTI was such that the traffic and/or runway being highlighted were currently in view. The non-
graphical highlighting was visible with all zoom settings. The initial set of highlighting used in this simulation were
selected by a panel of pilots and designers, and agreed upon by the working group that developed the application.

Figure 1 displays the graphical and non-graphical highlighting. In that figure, ownship is highlighted as a
brown, filled-in triangle in the center of the display, taxiing toward runway 29 behind another aircraft. The
highlighted aircraft (UPS 42) has landed and is moving at 118 knots on runway 29.
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Figure 1 Cockpit Display of Traffic Information and Runway and Traffic Highlighting.

METHOD
The simulation assessed the benefits and limitations of an initial and simple implementation of runway and
traffic highlighting on a CDTI under single pilot and crew settings.

Participants
16 pilots participated in this study. Fifteen were male, 1 was female. Eight pilots had private pilot certificates,
four had commercial certificates, one was a certified flight instructor, and three had Airline Transport Pilot (ATP)
ratings. Their average age was 50 years, ranging from 30 to 73 years, and they had an average flight experience of
3021 hours, ranging from 130 to 20000 hours. A heterogeneous sample of pilots was selected to examine a broad
range of human factors related to different pilot experiences, as well as single pilot and crew settings.

Four pilots participated as single pilots, and 12 participated as flight crews. Of the 12 participating as part of a
crew, 4 pilots sat in the right seat (pilot monitoring) while a confederate sat in the left seat (pilot flying). The other 8
pilots formed 4 crews of participants.

Scenarios

The simulation used the Louisville Standiford Field International Airport as the setting for all scenarios. The
scenarios contained a large amount of traffic to provide an environment where highlighting would be most useful.
Participants received clearances from a confederate air traffic controller via radio and heard radio communications
with other aircraft that were visible on the CDTI and out the window. All radio communications were on one radio
frequency so participants did not have to switch radio frequencies. The pilots monitoring did not perform weight
balance or checklists during taxiing to allow them better familiarization with the CDTI. Table 1 shows the eight
scenarios with visibility conditions and presence or absence of conflicts. Participants saw scenarios 1, 4, 5 and 8 in
the baseline condition (current day CDTI display; no highlighting). They then saw all eight scenarios with
highlighting.

Table 1 Simulation Scenarios

Scenario Description Visibility Conflict

1 Participant taxies into position, getting a departure clearance while a conflict aircraft is  High Yes
cleared for landing on crossing runway.

2 Participant taxies and crosses runway after holding short for departing traffic. High No

3 Participant taxies into position and holds on runway for departing traffic on crossing Low No
runway.

4 Participant taxies to runway, holds short for landing traffic, then taxies into position and Low Yes

receives a departure clearance while previous landed aircraft has not exited the runway.
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5 Participant is cleared to land while another aircraft is in position and holding for Low No
departure on same runway. Aircraft lifts off just prior to participant crossing the
threshold.

6 Participant is cleared to land while another aircraft receives a land and hold short High Yes
clearance on an intersecting runway. The participant is told to exit at the end of the
runway, causing a conflict with the aircraft that fails to hold short of that runway.

7 Participant lands and is cleared to back-taxi on runway. An aircraft is in position and Low No
hold on that runway.

8 Participant is cleared to land. After touch down another aircraft lands on the same High Yes
runway. This requires the participant to initiate an evasive maneuver to avoid collision
with the faster moving conflict aircraft approaching from behind.

Simulator

The simulation was performed in a fix-based simulator with a 120 degree out the window view and
configured with a primary flight and navigation display. The simulator did not replicate a specific aircraft type and
resembled a large, transport category aircraft. The CDTI was shown on an EFB mounted in the left forward field of
view for the left seat pilot and in the right forward field of view for the right seat pilot.

Procedure
Participants were briefed about the purpose of the study and then received an introductory briefing on the
CDTI and the highlighting. They were given a short training manual to read through, followed by an introduction to
the use of the flight simulator. Participants were then shown three scenarios to practice using the simulator and using
the CDTI.

After the practice scenarios, participants were fitted with an eyetracker that was used to collect information
about pilot’s attention allocation during the scenarios. Eyetracking data results are not presented here.

For data collection, participants saw scenarios in two conditions: a baseline condition with a current day
CDTI and no highlighting, and the experimental condition with the highlighting of traffic and runways. Participants
saw all four baseline scenarios first, followed by the eight experimental scenarios. Scenario order was randomized
within both conditions. The experimental condition was presented second to focus feedback on the highlighting after
gaining sufficient familiarity with a baseline CDTI.

After each scenario, participants completed a questionnaire. After the last scenario, pilots also completed a
post simulation survey and then participated in a debriefing session with the experimenter.

RESULTS

This report presents preliminary simulation results. Analysis of the remaining data is ongoing and will be
presented at a future time.

Pilots were asked if they found the highlighting helpful in determining critical runway safety information.
A majority of pilots (14 of 16) agreed or strongly agreed that highlighting were helpful. This is a statistically
significant finding using chi-square (> = 9, p < 0.01, df = 1). Pilots were also asked if the highlighting provided
them with additional information as compared to the baseline CDTI information. Pilots reported that the
highlighting did provide additional information (3* = 15, p < 0.01, df = 1). Pilots also reported that the highlighting
helped them locate relevant traffic (x> = 12.25, p < 0.01, df = 1).

Pilots were asked to rank the seven functioning CDTI highlighting features according to usefulness
(excluding the runway usage indication). The pilots’ rankings were averaged, and are shown for each of the 7
highlighting features by operation type (arrival, departure, taxi) in Figure 2. Lower numbers equate to better ranking.
The four best ranked features were: A. runway highlighting; C, highlighting of FID and ground speed; B, enlarged
target; and D. Runway Message Area (see also Figure 1). The rankings confirmed pilot comments and observations
made during the simulation by the experiment observers. Specifically, the graphical runway and traffic highlighting
seemed to provide pilots a fast and intuitive indication of runway occupancy that stood out against other traffic.
Participants stated they found the indicated ground speed useful in determining traffic movement on the runway
which was especially relevant during approach scenarios. In contrast, the highlighted runway label (H) was ranked
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as less useful. Finally, runway usage information was also available to pilots via the runway status text box
independent of the current range setting of the CDTI. Several pilots reported that the runway status text box could be
used as a procedural trigger to initiate a sequence of actions, such as setting a CDTI range allowing them to
determine the traffic situation. Though some pilots commented on the highlighting of ownship (D) as a useful
general indicator about runway occupancy, pilots overall did not seem to find ownship highlighting overly helpful as
that information was available in other places. Finally, pilots reported they did not find the indicated data block (F)
useful. That data block indicated FID and groundspeed of the aircraft that was closest to ownship. This low
perceived usefulness may have been because the non-graphical nature of this highlighting made it hard for pilots to
relate the traffic to ownship, or because it was difficult to determine which traffic it was related to.
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Figure 2 Pilots’ Averaged Rankings of Highlighting Feature Usefulness

Participants indicated that zoom usage depended on whether highlighting was presented or not. There was a
difference in agreement to the statements on zoom usage when pilots used a baseline CDTI versus when they used
highlighting (5 response levels, x> = 24.67, p < 0.001, df = 3). A majority of pilots expressed that zoom usage
increased workload in the baseline condition (x> = 4.8, p < 0.05, df = 1) but not so in the highlighting condition (x* =
1.8, p > 0.05, df = 1). This perceived difference in workload for adjusting the zoom level between the conditions
was rather small compared to the overall scenario workload, where no difference in workload between conditions
could be detected.

In the baseline condition participants did not reach agreement on the statement of whether the CDTI
distracted them from surface operations or not. In the highlighting condition, pilots reported that the CDTI did not
distract them from operating the aircraft (x> = 12, p < 0.01, df = 1).

While participants generally agreed on the usefulness of the enhanced display, participants also commented
on display limitations. Specifically, participants did not reach agreement on the question if the right amount of
traffic was highlighted. However, five pilots commented that too much traffic was highlighted and that this could be
confusing. Pilots also asked that only safety information that was relevant to ownship should be highlighted.

To estimate the effectiveness of highlighting and how it might increase pilots’ conflict detection,
participants were exposed to conflict scenarios. Participants saw three of these conflict scenarios in both the
baseline and the experimental condition. Reported conflict detection was compared between the two conditions to
determine if highlighting traffic and runways increased conflict detection performance. Results are shown in Figure
3.
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Figure 3 Conflict Detection Performance with Highlighting (Study) and Without (Baseline)

Results showed that highlighting seemed to increase reported conflict detection in two scenarios though it
did not reach statistical significance. In the departure scenario (4) participants were cleared for takeoff while an
aircraft was ahead on the runway. In that scenario, the percentage of reported conflict detection went from 25% to
75% and fewer pilots initiated a takeoff than in the baseline condition, however this was not a statistically significant
finding. The increase in reported conflict detection in the experimental condition was likely due to the fact that pilots
had to set the CDTI at the appropriate range setting to detect traffic on the departure runway in the baseline
condition, but were provided with safety information in the experimental condition independent of zoom setting. In
the arrival behind scenario (8), an aircraft landed behind and converged with ownship while the pilots taxied on a
runway. In the baseline condition, pilots would have needed to have the zoom set to a level that included the
approach area to see the conflict aircraft, while in the highlighting condition, pilots were provided with highlighting
regardless of the zoom setting. However, there was no statistically significant difference in reported conflict
detection between the two conditions. Four pilots who reported not detecting the conflict, did state that they had
noticed highlighting on the CDTI. This finding suggests limitations of highlighting in cases where pilots cannot see
the conflict aircraft out the window.

In the departure/crossing scenario (1), while conflict detection was relatively easy, pilots reported using
different information for initial conflict detection in the baseline versus the highlighting condition. More pilots used
the CDTI to detect the conflict in the highlighting condition (80 % of trials) than in the baseline condition (50 % of
trials, marginally significant difference between conditions, x* = 3.6, p < 0.06, df =1).

SUMMARY

Pilots with varying degrees of experience evaluated a set of display features for highlighting traffic and
runways on a CDTI. Highlighting was based on a simple algorithm that graphically indicated runway usage and
occupancy. Pilots also evaluated the highlighting features as a way to improve detection of critical runway safety
information and hazards by using the CDTI both with and without highlighting. Preliminary simulation results
demonstrated that participants generally reported runway and traffic highlighting was helpful in locating relevant
traffic information on the CDTI though no statistically significant performance differences could be found. Pilots
rated the usefulness of the various aspects of highlighting features. They rated runway highlighting, enlarged
chevron, aircraft flight ID and groundspeed, and text message box as more useful than the other highlighting
features. Pilots also identified shortcomings and areas for improvement with the highlighting. Pilot comments
related to areas for improvement will be reported at a later time.

Several pilots expressed their preferences for fewer highlighting, and, specifically only if traffic was
relevant for ownship. We take this to mean runway and traffic highlighting may be improved by making it sensitive
to ownship’s context of operation.

We also identified limitations of the experimental methodology. Because we assessed the CDTI usage
under a broad range of pilot experience and cockpit settings, the generalizability of results for a specific
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environment is limited. Also, because we did not always task pilots to the levels of workload that they would
experience under real world operations, we may have allowed our participants more time to dedicate to the CDTI
than they would likely have had available in their real work place. On the other hand, under real operational
conditions, pilots would have had more time to become familiar with the system and likely had more training.
Therefore, we consider the results of our study as somewhere in-between maximal and minimal expected benefits.

In terms of hazard detection, highlighting was not associated with deterioration in pilot reported conflict
detection performance. Highlighting seemed to be less effective in supporting conflict detection when the traffic was
behind ownship and not visible in the forward field of view. In the departure scenario, while there seemed to be
improvement in reported conflict detection, there was no significant difference between conditions. This suggests
the need for further research into the benefits of highlighting over a baseline CDTI, looking specifically at objective
performance data.

The findings of this study point toward important considerations for the usage of CDTIs. The amount of
information on a CDTI can be considerable. It can include runway and taxiway layout information, buildings, hold
lines, centerlines, traffic, traffic movement and interrelations thereof. This information is shown in a relatively small
display area that needs to be continuously adjusted to ensure needed information is in view. For example, during
taxiing, a flight crew may select a close-in zoom setting to confirm their intended taxi- and runways. However,
while crossing a runway, they may use a different zoom setting that allows them to check for traffic on the entire
runway. Extracting the needed information requires a planned effort by the flight crew and needs to be considered as
part of the flight crew activities. Based on pilot comments on the amount of highlighted display features on the
CDTI, future research will attempt to reduce the amount of highlighted safety information. The displayed
information should match a minimum set of information that allows pilots to determine hazards in few, quick
glances while minimizing the amount of interactions with the CDTI. “Only give me the information that I need”
describes what we frequently heard from pilots.

These simulation results will be used to refine the display and triggering rules of traffic and runway
highlighting. A subset of the seven initial highlighting features will be used and more context dependent triggering
rules will be implemented. In addition, we think to have determined a need for alerting because pilots had difficulty
detecting a conflict either when their attention was not dedicated to the CDTI or when the traffic was outside their
field of view. An auditory and visual alert message should help pilots to resolve such situations. We expect that
alerting will play a significant role in increasing conflict detection and resolution because alerts will actively attract
the attention of flight crews toward critical safety information and thereby facilitate faster responses. We are
continuing our work by designing and evaluating an added alerting capability and will report this work in the future.

DISCLAIMER
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NEAR-TERM NEXTGEN AND CLASS 2 EFBs
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This study is based on data collected at the Electronic Flight Bag (EFB) Advanced
Software and Authorization Workshop for US operators currently involved in EFB
software evaluation or implementation for their own fleets. With most US operators not
taking delivery of new, larger aircraft in the next few years, they are considering ways of
displaying near-term NextGen data on board existing aircraft through systems such as the
EFB. The workshop collected operator near-term needs in the areas of EFB user interface
and standardization and EFB advanced software applications. The analysis of the data
collected during the workshop provided a prioritized list of operator needs over the next
few years with an emphasis on runway safety and related NextGen systems. The study
reports on those needs in the context of near-term NextGen systems and Class 2 EFBs.

The NASA/FAA Operating Documents Group held the Electronic Flight Bag (EFB) Advanced
Software and Authorization Workshop jointly sponsored by NASA Ames Human Systems Integration
Division and FAA ATO-P Research and Development during the last quarter of 2008. The primary
audience for this workshop was North American operators currently involved in EFB advanced software
evaluation or implementation. Topics for the workshop included implementation of EFB software
applications such as moving maps, satellite weather, and data overlays. This workshop emphasized
operator needs rather than manufacturer or vendor capabilities and provided operators with an opportunity
to identify key EFB issues with a focus on EFB advanced software applications. Operators had an
opportunity to hear about and discuss their EFB challenges, lessons learned, and how the EFB
authorization process should be streamlined. The researchers, who have focused on the effects of EFB on
crew performance (Kanki & Seamster, 2007) took the opportunity to collect data on operator EFB
advanced software needs and issues and then had the operators rate each of those items with regard to
how important they were in the context of their operations. The most important EFB issues identified
through this workshop point the way to several near-term safety and efficiency improvements especially
in surface operations that can be developed and implemented while the aviation industry is working
toward full NextGen implementation.

Background

NextGen incorporates several significant advancements to air traffic control to meet the
substantial increase in traffic anticipated between now and 2025. NextGen concentrates on the main
technological shifts from ground based to satellite navigation, from voice communication to digital data,
from disparate to centralized weather with the ability to operate in a fuller range of adverse weather and
terrain conditions. NextGen is being planned and designed top down and its full implementation will
require the implementation of a number of operational improvements that will not be available until the
longer term. Looking at the near-term, NextGen is conceived from the bottom up starting with specific
research and development activities, some of them leading to enabling technologies which in turn
combine to provide more accurate navigation, weather and real-time broadcasting of related information
necessary for the more accurate and tightly spaced management of air traffic. The research and
development activities cover many areas including trajectory and performance-based operations, safety
management, security, weather information services and a net-centric infrastructure.

94



Although these research and development areas are interrelated, it helps to focus on one area, in
this case Trajectory-Based Operations (TBO). A full implementation of TBO requires near real-time and
highly accurate navigation, surveillance and weather information that is accessed over a secure national
integrated network. Prior to that full implementation, there are several enabling technologies that will, by
themselves, improve operational performance, with an emphasis on crew performance on the flight deck.
Starting with the research and development, TBO will require the technical development of critical data
exchange of flight clearances, algorithms for real-time trajectory management that incorporate multiple
user preferences, separation standards and automated en-route flight plan negotiation that accommodates
changing weather and other operational conditions (JPDO, 2008). There are also several research and
development areas that look at pilots and the allocation of roles, responsibilities and tasks between
controllers and flight crews as well as between computers and their operators. Although crew
performance using the EFB (Seamster & Kanki, 2007) is not a driving force across NextGen research, it
was a key concern for the workshop participants who represented the operators and who, in most cases,
were active pilots.

Near-Term NextGen

The timeframe being addressed in this study is from 2009 through 2012 which coincides
primarily with the near-term NextGen work plan. One of the near-term operational enhancements for
TBO is improved surface traffic management. This operational enhancement is based on a set of
interrelated enhancement with an emphasis of controller data and decision aids. These enhancements are
designed to increase both safety and efficiency of the surface movements of not only aircraft but in the
long run, also of other ground vehicles. Specifically, it will improve the safety of active runway crossings
and reduce aircraft departure wait times (JPDO, 2008). From a top-down perspective, improved surface
traffic management requires advanced surface management systems to reduce the time aircraft spend on
the surface as well as to optimize the use of gates, taxiways, and runways under a full range of operating
conditions. NextGen plans to improve surface movement through the combination of automation,
transmission of data instead of just voice communications as well as improved surveillance and displays.
The full implementation of improved surface traffic management will require systems integration between
surface and aircraft automation. The plan is also to include a runway incursion alerting system that
provides controllers and pilots notification of potential incursions. This has been identified as an area
needing additional research to determine key alert characteristics including the form, context and other
human factors issues (JPDO, 2008). A related area for technology that will extend these surface
capabilities will provide aircraft with the ability to taxi in near-zero visibility through a combination of
Automatic Dependent Surveillance-Broadcast (ADS-B) OUT along with airport moving map and flight
deck traffic displays. From a top-down view of NextGen, improved surface traffic management requires a
complex of research and technology developments to achieve full implementation. By shifting the
perspective away from a top-down, controller-centric view to a set of near-term operator and pilot needs,
it is possible to obtain a clearer view of some less complex innovations that can lead to improved surface
safety and efficiency in the next few year.

The NextGen work and implementation plans emphasize the Air Navigation Service Provider
(ANSP) as it tracks the delegation of separation responsibilities ensuring that the responsibility is clearly
communicated. The long-term plan leads to what NextGen calls, cooperative surveillance, based on ADS-
B IN and ADS-B OUT where data is available about all aircraft in the area. Devices and displays will be
needed for both the controller and flight deck side of operations to support receiving and understanding
flight and traffic information. The air or pilot side can be enhanced through the use of flight deck displays
in the graphic representation of surface clearances, conditions and changes. Some of the enabling
technologies that will require flight deck display of airport and surface data include electronic maps and
charts with own-ship position on airport ramps, taxiways, and runways with the eventual representation of
other surface vehicles. Additionally, there will be the cockpit display of nearby surface traffic. This will
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be followed by a more advanced display of traffic information that includes both surface and airborne
aircraft. A further capability will be a device to allow aircraft to expedite the crossings of active runway
and perform delegated separation procedures at high-density airports as well as under low-visibility
conditions. This complex of technologies may take a decade or more to develop, but there is an important
tool that is being implemented by a number of operators that can provide pilots access to some of the
capabilities that will improve surface safety and efficiency.

NextGen and the EFB

The EFB has the potential to display near-term NextGen capabilities in a cost effective manner on
existing aircraft. This coincides with NextGen implementation plans to leverage existing aircraft systems
and capabilities throughout the near-term. The EFB is being used by an increasing number of operators to
display charts, manuals, and weather data. Recently, the FAA has allowed portable EFBs to display own-
ship position on airport moving map displays. The FAA further authorizes installed EFBs that are
certified to be integrated with other avionics, such as the Flight Management System (FMS), to support
some of the implementations of the advanced NextGen capabilities. The EFB could play a significant role
in the NextGen scenario where pilots will receive the final flight plan data, which could be in both a text
and graphic format. Own-ship position would also be displayed on the flight deck showing it as it taxies
along with the position of other aircraft in the vicinity and other surface vehicles. Rather than having a
number of separate devices and displays, the EFB could also be considered as a way to provide runway
incursion alerts integrated with the moving map and own-ship position.

EFBs have different certification requirements depending on their classification. Class 1 EFBs are
portable computing devices that are not mounted to the aircraft. Class 2 EFBs are computing devices that
are attached to the aircraft during normal operations while Class 3 EFBs are installed on the aircraft
allowing for a wider range of applications. The name, electronic flight bag, describes the initial concept of
the device which was to replace the pilot’s bag of operational charts and documents with a computer and
display that would provide full access to that information in a more usable form. As the pilot’s EFB has
evolved and has been networked not only with the other pilot’s EFB but also with other flight deck
systems, it is being viewed by pilots and operators as an innovative display and control device that can be
used well beyond its initial intent providing a number of NextGen functions.

A candidate control and display of near-term NextGen data on the flight deck for US operators is
the Class 2 EFB. This is due in part because major carriers will not be taking delivery of substantial
numbers of new aircraft in the near-term with the overall estimates of new aircraft deliveries to the
domestic operators being revised downward. This will affect the availability of Class 3 EFBs that are
generally obtained through new aircraft purchases by the major operators. With approximately 17% of
aircraft being stored by the major US operators, and three of those operators with more than a quarter of
their aircraft stored (see Figure 1), the demand for near-term deliveries of new aircraft with Class 3 EFBs
is has been reduced.

Methods

The workshop was designed to provide participants with an opportunity to present, discuss and
rate EFB advanced software experiences and needs. There were 25 participants at the workshop involved
in identifying the key EFB advanced software issues. They included representatives from the main
operators evaluating or implementing EFBs as well as other industry members including regulators. All
participants were given the opportunity to specify EFB issues, and then 16 of the participants performed
the actual rating of those issues. The raters had an average of eight years of EFB experience and an
average of 4,300 hours of total flight time. The range of total flight time was between 0 hours for the three
engineers and 15,000 hours, with the raters having substantial operational experience.
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Figure 1. Major US operators with approximate numbers of active and stored aircraft (data source
Planesregister.com).

Leading up to the workshop, participants were asked to submit topics that they wanted to present
and also those they were interested in hearing about. During the workshop, participants, working as a
group were encouraged to identify EFB issues in the following four areas plus any additional EFB issues:

EFB User Interface and Standardization to include Multi-Tasking, Color Coding and Symbols
EFB Advanced Software Applications including MET/WX, Charts Graphical Overlays.
Integrating EFB with SOP, Training, Best Practices and Flows

Improving Crew Performance with EFB to Include Situation Awareness, Workload Management
and Runway Safety.

b s

After all the EFB issues were identified and discussed, participants were provided with a ratings
form listing the 25 issues organized by the above areas. They were asked to rate each issue as to its
importance using a six-point scale where 6 represented ‘Extremely Important,” and 1 represented
‘Extremely Unimportant.”

Results and Discussion

Although some of the issues proposed by the participants pertained to more than one category, the
issue was placed in the area where it was first identified. The participants specified six issues related to
the EFB touch screen functions, standardization of information organization, high level EFB functions,
lower level chart and map details as well as standards applied to key features of the ground-based and
flight deck EFBs. They also identified issues specifically related to advanced software including the
display of own-ship position, airport moving maps, other traffic, and weather. In the area of EFB SOP and
training, the group specified issues of crew coordination, company procedures and best practices, and
integration with existing training and crew assessment. In the area of improving crew performance,
participants were concerned with managing multiple applications on the EFB, integrating applications and
standard usage of some of the advanced applications.
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Table 1. Top 10 rated EFB issues based on 16 raters with 6 representing Extremely Important.

EFB Advanced Software Issues Mean Rating
Top Five Most Important Issues

Next Five Most Important Issues

The top ten EFB issues rated as most important are shown in Table 1 along with their mean
ratings. The top five important issues, with an average rating between Extremely to Very Important group
into an integrated set of EFB research and development activities that should be considered as a way to
make available some NextGen data in the near-term. Airport moving map with own-ship position is just
now being approved for operational use on Class 2 EFBs. Operators see the importance of extending that
functionality to further enhance safety by determining ways to add traffic and advisories plus other
available NextGen data. This combines with the issues of integrating, what are currently, separate
applications into a form that will improve pilot information management without degrading crew
performance. The next five important issues group into a set related to crew coordination, SOP, training
and the EFB input interface research activities. Based on these two groupings of issues, operators are
most concerned with the integration of additional surface data and advisories into an easy to use EFB
display. They have a secondary concern on how to ensure that this advanced technology can be used to
improve crew coordination through procedures and training as well as how to improve the EFB interface,
with an emphasis on inputs via the touch screen.

Class 2 EFBs provide operators with an economical way of displaying and controlling some of
the important near-term NextGen data on existing aircraft. Interpreting the ratings data, one of the
research and development challenges is to provide that data in ways that will improve, rather than
potentially degrade, crew performance. From a research perspective, there are several key challenges for
providing the display and control of this NextGen data in an integrated manner, especially on Class 2
EFBs. One research area involves evaluating the different user interface metaphors as the EFB transitions
from being just a flight bag that displays documents and charts to becoming a flexible display of both
static and dynamic information to improve decision making and situational awareness while reducing
crew workload. The industry is working with a number of distinct metaphors that are either under
development or that have been implemented (see Figure 2 for some examples). Some of the metaphors
are based on the FMS controls with either hard or soft buttons around the edges of the display for user
input. Other metaphors have been derived from paper document trip books or clips that pilots have used
traditionally to organize their charts before and during flights. Still other metaphors under development
have utilized a browser for accessing and displaying information. The browser metaphor shows potential
for transitioning the EFB from a flight bag to a more display and control device, but developers will have
to address the challenges and limitations of using a browser interface for critical applications on a flight
deck rather than at a desktop.
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Figure 2. Examples of EFB User Interface Metaphors under development or in current use.

In order to incorporate NextGen capability, the current trip book metaphor needs to be extended
and the browser interface would have to be refined before it can be used as a way to access information
on the flight deck. In addition, the EFB Class 2 small screen size presents substantial limitations for data
display. On most flight decks, the EFB screen size cannot be increased substantially in part because of the
limited space and potential for blocking existing displays and controls. Even with these limitations, the
Class 2 EFB should be evaluated as a way of graphically displaying additional airport data such as traffic,
taxi clearances, closed runways, construction and other temporary obstacles normally made available to
pilots through text messages. With operationally relevant research and development, EFB constraints can
be overcome allowing the display of safety critical near-term NextGen data.
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As aircraft manufacturers use increasing amounts of composite materials in primary aircraft
structures, an understanding of how composite damage may occur is crucial. One likely setting for
composite damage events is the ramp and gate areas where “ramp rash” is a common occurrence.
Costly consequences to airlines and the potential to jeopardize safety are an everyday hazard. In
order to better understand how such events unfold in today’s operations, 104 ramp damage reports
that were voluntarily submitted to the NASA Aviation Safety Reporting System (ASRS) were
analyzed. Factors including environmental conditions, aircraft state, aircraft damage locations and
types of ramp vehicles or equipment involved were examined in order to describe the scenarios in
which damage occurs. Results provide a starting point for identifying and characterizing possible
operational risks for tomorrow’s advanced composite aircraft.

The manufacturers of the next generation of commercial transport airplanes are making a major shift in
airframe technology. Primary components that have typically been constructed of metal are now being designed
with composite materials. In the 1980s and 90s composites were widely used but never exceeded more than 12-14%
of the airframe by weight. Now, in service for less than two years, the Airbus A380 is constructed with about 25%
composite materials by airframe weight. Scheduled to be in service by next year, the Boeing 787 makes the most
significant shift as it is produced with 50% composite structure by weight, with almost 100% of the aircraft
skin/fuselage being composite materials (Boeing, 2007). It is undeniable that the use of composites provides great
benefits. Weight savings alone will result in significant fuel savings, and resistance to corrosion and fatigue is
expected to lengthen maintenance intervals thereby decreasing maintenance costs over the lifespan of the aircraft.

The present-day, predominately metallic, aircraft have accumulated a long service history and a knowledge
base of standards and best practices from which manufacturers, regulators, and operators draw upon with
confidence. In contrast, the introduction of advanced composite aircraft with very little comparable service history,
present new unknowns. Huang and Lin (2005) note:

Past reliability and structural risk studies have focused on fatigue of aging aircraft, which is
mainly an issue unique to metal structures. Composite structures are fatigue and corrosion
resistant, but are much more sensitive to damage threats such as hail, bird strikes and ground
vehicle collisions because of brittle behavior during failure. Furthermore, there may be no visible
evidence of damage to composite structures, even though significant internal damage has been
sustained. (p. 2)

Such concerns provide an impetus to researchers and industry groups to investigate some of these anticipated risks.
For example, the Commercial Aircraft Composite Repair Committee (CACRC) is an international industry group
that shares regulatory and research updates, and develops standards for composite maintenance processes and
materials. Operators in this group raise many issues, ranging from damage detection and characterization to specific
repair problems. In addition, they offer valuable insights into the nature of damage threats to composite structures
from their own operational experiences. Blohm (2007) gives detailed examples of damage that involves ground
service vehicles, towing and docking equipment and passenger jet bridges, as well as the more typical cases of
runway debris and tire separation. Figure 1 below illustrates a simplified view of the ramp environment and many of
the potential everyday threats to composite aircraft structures.
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Figure 1. Typical ramp and gate area with a variety of service carts, vehicles, and passenger boarding equipment.

Kim (2008) is conducting a detailed investigation of wide area blunt impact damage to composite fuselage
areas that are associated with ramp activity.

With new all-composite fuselage transport aircraft coming into service, significantly more
composite skin surface area is exposed to ground vehicles and equipment. To address the
difficulties that exist in being able to predict and detect the damage resulting from blunt impact,
and to aid in assessing its effect on structural performance, the development of basic tools to
characterize blunt impacts is needed. Of particular interest is damage that can be difficult to
visually detect from the exterior, but could be extensive below the skin’s outer surface. (Kim,
2008)

Another means of identifying and characterizing the current potential operational threats associated with
ramp damage is through a query of the NASA Aviation Safety Reporting System (ASRS) database. Since 1976, the
ASRS has been a repository of voluntary, confidential safety information provided by aviation personnel. The
largest percentage of reports comes from pilots, but there is small but steady input from controllers, mechanics,
ramp workers, flight attendants, dispatchers and others. Since ASRS reports are submitted voluntarily, they are
subject to self-reporting biases and the data cannot be used to infer the prevalence of the specified problems within
the entire National Airspace System. Nevertheless, the database provides a useful means of acquiring a large number
of firsthand reports on a variety of aviation safety issues. Of particular value are the reporters’ narratives that often
provide great detail on the context, conditions and other personnel and organizations involved in the incident.
Pertinent to the topic of ramp damage, the ASRS introduced a specialized maintenance reporting form in 1996 and
began to actively encourage the reporting of ground incidents. Thus, in this study, we were able to investigate the
problem from the perspective of ground personnel as well as pilots. Detailed information on the ASRS can be found
on the following website. http://asrs.arc.nasa.gov/overview/summary.html

Method
Search Criteria

In order to select records that would best fit our research interest, we used the following search criteria in the ASRS
Online Database query conducted in August 2008 at
http://akama.arc.nasa.gov/ASRSDBOnline/QueryWizard Begin.aspx

=  Operator: Air Carrier

=  Federal Aviation Regulations (FAR) Part: 121

=  Flight Phase: Ground: Parked, Preflight, Pushback and Maintenance

= Event Type: Ground Encounters; Vehicles and People and Ground Excursions; Ramp

= Text: Damage (Narrative and Synopsis)
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Of the 140 reports found in the initial ASRS search criteria, 36 reports were removed due to lack of damage and/or
irrelevance to the ramp damage issue. The remaining 104 incidents were reported between 1999 and 2007. Aircraft
type is included in each report description but there were too many different types to be able to partition the data
with sufficient numbers of aircraft in each category.

Factors of Interest

Environmental Conditions. Time of day and environmental conditions were two simple factors considered
to have possible impact on ramp incidents. The ASRS report form gave the options of daylight, night, dawn or dusk
for time of day. Environmental conditions included options such as ice, snow, rain, fog, thunderstorm, and other.

Aircraft State. In order to better understand when aircraft damage occurred, we defined a variable called

Aircraft State to capture the operational phase and whether the aircraft was parked or moving at the time of the
event. This was further complicated by incidents in which aircraft that were supposed to be parked, moved due to a
malfunction or error. Thus the five Aircraft State values include the following:

1. Aircraft moving: AC parked but brakes or chocks malfunction or error made
Aircraft moving: AC during pushback
Aircraft moving: AC taxiing
Aircraft not moving: AC parked with brake set
Aircraft state unknown

el

Ramp Vehicle/Equipment Type. A large variety of vehicles and ground equipment operate in the vicinity of
aircraft on the ground, particularly during turnarounds at the gate. Collisions involving catering vehicles, baggage
carts, passenger-boarding bridges, and other servicing equipment can cause significant damage. In addition,
equipment employed for cargo and passenger loading and unloading are obviously an integral part of every arrival
and departure. We wanted to see what types of equipment or service vehicles were involved in aircraft damage.
After discovering more than 17 different types of vehicles, we collapsed them into six categories.

Belt or cargo loaders

Carts: including baggage carts, maintenance carts and oxygen carts

Passenger boarding equipment; jet bridge and passenger stair trucks

Service vehicles: including catering, fuel, lavatory, vans and various unknown ground vehicle types
Service/maintenance equipment: including deicing truck, lift equipment and other unknown ground
equipment types

6. Tugs or tow bar

R wh=

Note that when ‘unknown’ is applied, it meant that the reporter did not know the exact type of service vehicle or
equipment was involved, or they did not actually observe the vehicle or equipment firsthand.

Aircraft Damage Location. We also wanted to learn more about where on the aircraft the damage was
located. As manufacturers make the shift in airframe technology from metals to composites it will be important to
know where potential danger zones may exist. The report narratives usually indicated where the main aircraft
damage was located. After coding and consolidating some of the categories, the following seven damage locations
were defined:

Doors: including aircraft door, food service doors, cargo door, avionics door and main gear doors
Engines: external damage including both left and right engine cowlings and thrust reverse fairings
Fuselage: including left, right and aft

Nose: including nose cone and nose gear

Tail: including elevator, horizontal stabilizer, rudder, tail cone, APU

Wings: including left and right wings, ailerons and flaps

Unknown: location of damage not stated

NNk W=

While damage location was pretty reliably reported, type of damage (e.g., composite, metallic) could not be inferred
from the damage location, nor was it reported consistently in the narratives. Therefore, Environmental Factors,
Aircraft State, Ramp Vehicle/Equipment Type and Aircraft Damage Location comprised our initial factors of
interest. Numbers of subcategories were somewhat constrained by the total number of reports.
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Results and Discussion
Analysis of Factors of Interest

Environmental Conditions. The breakdown of ‘Time of Day’ for the 104 reports resulted in: Daylight (52,
50%), Night (24, 23%), Dawn (4, 4%), Dusk (4, 4%) and Unknown (20, 19%). The unknown category means that
damage was discovered but the time of day was not reported. From the whole set of 104 reports there were only 15
cases that cited environmental weather factors (snow, rain, fog, and ice) as a possible contributing factor. While the
greater percentage of events occurred during daylight (50%) compared to non-daylight conditions (31%), this factor
could easily be confounded by volume of activity in daylight versus non-daylight hours. In addition, reporters could
have interpreted Time of Day as the time when they observed the damage event versus when they detected the
damage versus when they filed the report. Thus, we did not try to analyze this factor any further.

Aircraft State. As shown in Figure 2, the 104 reports were also broken down by Aircraft State including the
five categories described earlier. The unknown category means it was difficult to determine the aircraft state from
the report. A simple comparison of Moving versus Not Moving yielded almost equal numbers of Moving (49, 47%)
and Not Moving (48, 46%).

Aircraft State at Time of Event (N=104)

Unknown
7,7%

Taxi
16,15%

Brakes set/parked
48,46%

Pushback
22,21%

Brakes/chocks
Malfunction
11,11%

Figure 2. 104 ASRS Reports broken down by Aircraft State.

It should be noted that when an aircraft is parked with brakes set, it might seem that the cause of damage can be
attributed to the ramp worker using or driving the service equipment. However, 11% of the reports describe complex
situations in which flight and ground crew experienced an unexpected malfunction or error that resulted in an
aircraft impact. During pushback and taxi is no simpler in terms of damage cause or initiator. For example, an
impact of aircraft and tug can be due to a flight or ground crew problem, or both, and does not automatically imply
one or the other is at fault. And more than one instance was cited in which a moving aircraft was “hit by a cart or
object” because of a jet blast from a nearby taxiing aircraft. In short, the breakdowns identify factors to consider
because they occur in actual operations, but a simple analysis of “what hit what” or “what was moving versus what
was not” does not tell the whole story of how and why events occur.

Ramp Vehicle/Equipment Type. Figure 3 depicts the breakdown of 104 ASRS reports by type of ramp
vehicle and equipment involved. While the large variety of types is not surprising given the ramp environment and
the number of activities that must be accomplished for each flight, it immediately leads to the question of how to
narrow the research focus to the most critical types of damage. In this analysis, damage can occur in many ways and
we need to know which events warrant more detailed investigation.
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Ramp Vehicle/Equipment Type (N=104)

Belt/Cargo
Loader
19, 18%

Tug/Tow Bar
19, 18%

Carts
4,4%

Jet Bridge/
Service/Mx

Service Vehicles
34,33%

Figure 3. 104 ASRS reports broken down by Ramp Vehicle/Equipment Type.

In addition to the breakdown in Figure 3, we also considered whether Ramp Vehicle/Equipment Type was related to
Aircraft State. For example, in the 49 reports where the Aircraft State was Moving, the most frequent impacts were
with Service Vehicles and Tugs/Tow Bars (62%). In the 48 reports where the aircraft was Not Moving (parked),
most impacts involved Belt/Cargo Loaders, Service Vehicles and Service/Mx Equipment (78%). However when
considering each Ramp Vehicle/Equipment Type the following relationships emerged:

= Belt/Cargo Loaders more often involved Not Moving Aircraft (76%)

= Service/Mx Equipment more often involved Not Moving Aircraft (72%)

=  Tug/Tow Bars more often involved Moving Aircraft (63%)
While Service Vehicles make up a sizeable proportion of the aircraft damage events (33%) it doesn’t seem to matter
if the aircraft is moving or not.

Aircraft Damage Location. Figure 4 shows the general breakdown of the 104 ASRS reports by Aircraft
Damage Location. The only standout in terms of overall percentages is the 39% of incidents that result in wing
damage. Given the large wing area that is exposed to ramp vehicles and objects, it is probably not surprising.
Although the fuselage also covers a large expanse, targeted areas such as doors and access panels possibly constrain
the hit area somewhat.

Aircraft Damage Location (N=104)

Doors

Unknown 10, 10%
3,3%
Engine
12,11%

Wing
42,40%

Fuselage
18,17%

Tail Nose
9 9% 10,10%

Figure 4. 104 ASRS Reports broken down by Aircraft Damage Location.

In addition to the general breakdown, we also considered whether relationships could be found between Aircraft
Damage Location and Ramp Vehicle/Equipment Types. While the numbers are too small to indicate more than
tendencies, the following relationships emerged when looking at each Ramp Vehicle Type:

=  Service Vehicles more often impacted Wings and Fuselage (71%)

= Service/Mx Equipment more often impacted Wings and Tails (80%)
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Considering each Aircraft Damage Location:
=  Fuselage damage more often involved Belt/Cargo Loaders and Service Vehicles (56%)
= Nose damage more often involved Tugs/Tow Bars (80%)
= Tail damage more often involved Service/Mx Equipment (56%)
=  Wing damage more often involved Service Vehicles and Service/Mx Equipment (71%)

While we can easily imagine the scenarios in which the relationships above could take place, it is important to note
that very few relationships are one-to-one. Aircraft damage can be caused in multiple ways so it is important to
consider this when developing awareness training and other mitigation strategies.

Conclusion

The objective of this study was to gain an understanding of what types of ramp damage scenarios occur
today and how they unfold. The results are not meant to directly generalize to future advanced composite aircraft
since damage risk depends on aircraft configuration and specific damage consequences. Still, the analysis of 104
ramp incidents clearly showed that ramp damage occurs in a wide variety of ways involving many different ramp
vehicles and service equipment, during all times of the day and affecting nearly every part of the aircraft. Damage
events can occur when the aircraft is parked and when it is moving during pushback and taxi. While some
relationships among factors emerged, none were strictly one-to-one. Even when ramp activities suggest certain
groupings of factors (such as a tug in the nose area during pushback, or belt loader close to the fuselage while the
aircraft is parked) these relationships were only somewhat validated by the data. Partly this is because anomalies,
malfunctions and errors occur thus increasing the chance of damage at unexpected times. In addition, damage events
can be the outcome of a chain of events rather than a single cause. Finally, there were a number of cases where
damage was reported but the actual impact event was not reported. When damage is visibly obvious, this may not
pose a major problem, but non-reporting of impact events with advanced composite aircraft may have serious
consequences. As Hall (2008) states, “Composite airframe structures may not visibly show damage as readily as
traditional metallic structures. . . Awareness and reporting of significant impact events is essential”. The data from
these incident reports further underscore the need to support awareness training and reporting for all personnel who
work in the ramp and gate areas; flight crews, maintenance, inspection, drivers of ramp vehicles and others.
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A METHODOLOGY AND TOOLS FOR THE PROSPECTIVE IDENTIFICATION OF NEXTGEN
HUMAN FACTORS ISSUES

Ken Funk
Oregon State University
Corvallis, Oregon, USA

The Human-Machine Systems Engineering Methodology (HMSEM) is a systematic method to
prospectively identify relevant human fallibilities, potential errors, and general human factors
issues in a complex, high-risk system, then develop design recommendations for remediations to
counteract the fallibilities, avoid or mitigate the errors, and resolve the issues. HMSEM uses
IDEFO functional modeling, task analysis, human fallibilities analysis, and Failure Modes and
Effects Analysis, organizing the information for and from the analyses in a workbook. The results
of its application to several tasks on the NextGen flight deck suggest that it can be a valuable
complement to other means to anticipate and resolve human factors issues in NextGen
development.

The problem of human performance in complex, high risk systems was described concisely, accurately, and
usefully by Wiener in the phrase, “fallible humans and vulnerable systems” (Wiener, 1987), and the Next Generation
air transportation system (NextGen) threatens to be a system highly vulnerable to the errors of its fallible human
operators. From the documentation available at this time (e.g., JPDO, 2007), NextGen appears to be a technology-
driven system, not a human-centered system, and we know from past experience that technology-driven systems can
be particularly vulnerable to human error. Already, some NextGen human factors issues have been identified (e.g.,
Sheridan et al, 2006; Funk et al, 2009), but much remains to be done. The aviation human factors/psychology
community can make a valuable contribution to the development and implementation of NextGen through the
thorough and systematic identification of human factors issues. Those issues must be identified, organized, and
presented in such a way as to be understandable by and useful to NextGen system architects and engineers.

Objectives

The objectives of this project were to develop a systematic, analytical methodology to prospectively
identify human factors issues and recommend remediations, then apply the methodology to the NextGen flight deck.

Human-Machine Systems Engineering Methodology, Tools, and Application to NextGen

The result of the development, the Human-Machine Systems Engineering Methodology (HMSEM), is a
formal, systematic methodology to identify important human fallibilities relevant to a system, identify specific errors
likely to arise from the interactions of those fallibilities with characteristics of the system, identify general human
factors issues arising from the potential errors, identify remediations, and organize the findings in a way useful to
analysts, Subject Matter Experts (SMEs), system architects, and system engineers. HMSEM analysts, supported by
SMEs, work through the following stages: 1) formal functional modeling using IDEFO0, 2) task analysis, 3) human
fallibilities identification, 4) Failure Modes and Effects Analysis, 5) issue identification, and 6) requirements
development. HMSEM was applied, in a test case, to the NextGen flight deck, and HMSEM and the application are
described and discussed in the remainder of this paper.

IDEF0 Modeling

Many human factors methodologies begin with some form of hierarchical task analysis (HTA), but
HMSEM requires a richer and more detailed representation of system processes (activities, functions, tasks) than
HTA typically provides. This requirement is met by modeling the system with IDEFO, a graphical language for
modeling system functions. The Oregon NextGen Flight Deck Functional Model (ONFDFM) is an IDEF0 model of
a generic NextGen commercial flight deck based on NextGen literature available at this time (e.g., JPDO, 2007) and
knowledge of present-day commercial flight deck operations. Figure 1 shows ONFDFM's top-level diagram, its
most general representation of flight deck functions.

In IDEFO, a function is a process, performed by mechanisms (humans, devices), that transforms inputs
(matter, energy, information, system states) to outputs (matter, energy, information, system states), subject to
controls (information, factors) that guide, facilitate, or constrain the process. IDEFO0 uses boxes labeled with verb
phrases to represent functions and arrows labeled with noun phrases to represent mechanisms, inputs, outputs, and
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controls. So, omitting some details, Figure 1
represents that the human flight crew [h FC] and
flight deck systems (devices) [d FD systems]
perform flight deck tasks [Perform flight deck
tasks] to transform the aircraft system [s Acft] to a
managed and controlled aircraft system [s Acft,
managed & controlled]. The performance of flight
deck tasks is guided (controlled) by information in
flight deck procedures [i FD procedures] and
Federal Aviation Regulations [i FARs] and
influenced (controlled) by performance shaping
factors [f Performance shaping factors], like the
aircraft's performance limitations and the flight
crew's decision biases. To perform flight deck tasks
also transforms the flight crew's mental model [i
FC MM] to an updated mental model [i FC MM,
updated], utilizes NextGen systems [s NG systems]
and the Air Navigation Service Provider [h ANSP],
and is controlled by information received from the
NextGen system [i NG info] and the ANSP [i
Comm from ANSP].

In IDEFO, general functions are detailed or

decomposed into more specific functions, those
functions are further detailed, and the modeling
process continues until a representation sufficiently
detailed for further analysis is produced. For
example, in the ONFDFM, the function [Perform
flight deck tasks] is detailed into [Collaboratively
manage FP (flight plan)], [Manage 4DT (4-
dimensional trajectory)], [Manage acft (aircraft)
systems], and [Control acft]. Those are in turn
detailed, and so on. Table 1 shows a portion of the
function hierarchy of the ONFDFM, elaborating part
of the [Manage 4DT] branch. A-numbers (A#s)
define a function's place in the hierarchy (“A” for
“Activity” being inherited from IDEFO0's precursor,
SADT). The hierarchy is, effectively, the task
hierarchy resulting from a typical HTA, but the
detailed IDEFO diagrams underlying the hierarchy
bear much more information than does the typical
HTA. As shown in Table 1, the detailing of [Manage
4DT] ultimately yields [Get traffic info using
HSI/CDTI (Horizontal Situation Indicator/Cockpit
Display of Traffic Information)], part of whose
IDEFO diagram is shown in Figure 2.

ONFDFM was developed using KBSI
Inc.'s AIOWin IDEF0 modeling software. An HTML

4 FD procedures
-FaRs |
NG info
i Mission
i hcftinfo
L+i Comm from ANSP
Petformatice shaping factors

’i FC MM iFC MM, up dated‘
’i AFP 1 AFP, a.mendad\
& Acft Perform flight decktasks [ Acft, managed & contro]ledi
iCommto ANSP\
1 NG info reque sts,

ANEP
FC ‘ ‘
|

Figure 1. Top-level IDEFO diagram of the Oregon NextGen
Flight Deck Functional Model.

Table 1. A portion of the ONFDFM function hierarchy,
elaborating the [Manage 4DT] branch.

A# Function

AO: Perform flight deck tasks
A1: Collaboratively manage FP
A2: Manage 4DT
A21: Receive ANSP clearances
A22: Assess 4DT WRT AFP & clearances
A23: Assess 4DT WRT terrain
A24: Assess 4DT WRT obstacles
A25: Assess 4DT WRT traffic
A251: Get traffic info from ANSP advisories
A252: Get traffic info from FD alerts
A253: Get traffic info using HSI/CDTI
A2531: Configure HSI to display traffic
A2532: Locate traffic symbols on CDTI
A2533: Select traffic for detailed info
A2534: Determine traffic IDs, bearings, ..., from CDTI
A2535: Estimate traffic trajectories from CDTI info
A254: Get traffic info visually
A255: Integrate traffic info
A256: Assess integrated traffic picture
A26: Adjust 4DT
A3: Manage acft systems
A4: Control acft

version of the full model, generated by AIOWin, is accessible at http://flightdeck.ie.orst.edu/NextGen/Models/

ONFDEFM1.0/.

IDEFO diagrams and the glossary of model elements underlying them provide a very rich representation of
the functions performed in and by a complex system. An important benefit over HTA is that IDEFO0 explicitly
models not only functions (or tasks), but relationships among functions via mechanisms, inputs, outputs, and
controls. Those relationships can be identified in the IDEF0 model by examining related diagrams and tracing
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Figure 2: Detail from the IDEFO0 diagram of the [Get traffic info using HSI/CDTI] function from
the ONFDFM.

arrows. However, a complex IDEF0 model may have many diagrams, and navigating them to identify relationships,
although in principle straightforward, is in practice difficult and prone to error. As in any reductionist method, it is
tempting for the analysts to focus on a small part of the IDEF0 model and ignore its context, thus to “lose the big
picture” or “miss the forest for the trees”. HMSEM uses the prototype IDEF0 Navigator (INav) to avoid that. INav
operates on an IDEF0 model providing an alternative representation to the IDEF0 diagrams. An arrow entering an
IDEFO diagram can come from another part of the model outside the immediate diagram or from outside the system
itself. The INav representation abstracts out some of the details of the IDEF0 diagrams to show from where each
arrow (or each group of related arrows) comes or where it goes, allowing the analyst to explore details in the context
of the entire model in a single view.

Task Analysis

In HMSEM, task analysis is used to further analyze the most detailed IDEFO functions — referred to as tasks
— to compile, from the model and elsewhere, information needed for human fallibilities identification. The analysts
enter, for example, task location and timing information into the HMSEM workbook. Table 2 shows the results of
task analysis of [A2534: Determine traffic IDs, bearings, ranges, & relative altitudes from CDTI].

Table 2. Results of the task analysis of [A2534: Determine traffic IDs, bearings, ranges, & relative altitudes from
CDTI].

Task Analysis Attribute Value

Purpose / Value Added Necessary to detect conflicts and determine if separation and spacing is appropriate.
Location Flight deck
Frequency & Timing Continuous, intermittent

Environmental Conditions  Darkness (red illum) to direct sunlight, glare, etc.; Noise; Vibration (low, high freq.)

Information Requirements i Selected traffic; i CDTI traffic symbol locations; f HSI/CDTI configuration; i FD procedures; i
FC MM; i NG surveillance info

Sensory/Cognitive/Motor View CDTI; Identify traffic; Estimate bearings, ranges, relative altitudes, and probable

Actions trajectories

Human Fallibilities Identification

Human factors analysis sometimes employs a Human Error Identification (HEI) technique like SHERPA
(Embrey, 1986) to identify errors that could occur in a system. HEI techniques typically start with a functional
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representation of the system (often from HTA) and analysts and SMEs, referring to that representation, use their
knowledge and experience to hypothesize potential errors that could occur in specific tasks. HEI techniques rely
heavily on analyst and SME memory and judgment (and, one could say, serendipity) to compile a comprehensive list
of likely errors and are, therefore, subject to the same kinds of limitations that affect human performance in systems
like the one they are studying. Rather than to attempt to identify errors directly, HMSEM first identifies the human
fallibilities likely to be significant in each task and, from system and task information from the IDEFO model and
task analysis, proceeds to project errors that could occur as a result of those fallibilities interacting with system and
task characteristics.

HMSEM uses the Human Fallibilities Identification and Remediation Database (HFIRDB) for fallibilities
identification. The HFIRDB is a database consisting of human fallibilities and remediations for them compiled from
Wickens' and Hollands' Engineering Psychology and Human Performance (Wickens & Hollands, 2000). The user
interface leads the analysts through a series of questions about each task to be analyzed for fallibilities and errors
and the analysts refer to the IDEF0 model and the task analysis to answer them. The HFIRDB first asks the analysts
to select from among seven information processing stages (i.e., sensory registration, perception, attention allocation,
working memory, long-term memory, decision-making, and response control) those employed in the task under
consideration. Next the analysts are asked to choose general human fallibility categories (e.g., visual display
processing or working memory limitations) that apply to the selected information processing stages. Then HFIRDB
asks the analysts to choose from a list of possibilities just those conditions that exist in the task under consideration.
For example, that operators must appropriately allocate attention to concurrently process or selectively attend to
visual stimuli presented in displays is a condition necessary for visual display processing fallibilities to be relevant.
The HFIRDB uses a series of queries to produce a list of human fallibilities that may manifest themselves in
performance of the task, such as the sensitivity-related vigilance decrement, the tendency for operator performance
to degrade during vigilance tasks as a result of a decrease in sensitivity level. The HFIRDB then asks the analysts to
confirm task conditions that enable manifestation of the fallibilities and a complete list of relevant fallibilities is
generated, which may be copied into the HMSEM workbook for the next analysis stage.

Failure Modes and Effects Analysis

Failure Modes and Effects Analysis (FMEA) is an analytic technique used to prospectively identify the
ways in which a system can fail. FMEA begins with a process or functional description of the system to be analyzed.
For each function, the analysts use knowledge of the function to identify failure modes, that is, ways in which it
could fail to achieve its intended outcome. For each failure mode, the analysts identify the causes of or contributing
factors to the failure mode, and try to predict its consequences. To prioritize the failure modes for further study or
remediation, the analysts assign numeric ratings as to the severity of the consequences of the failure mode, the
probability or expected frequency of its occurrence, and the likelihood that it would not be detected in time to avoid
the consequences. These three ratings are multiplied to give a Risk Priority Number (RPN) for each failure mode
and the RPNs are used to prioritize the failure modes for further analysis or remediation.

In HMSEM, FMEA is used to identify potential operator errors as failure modes. The analysts use the
IDEF0 model, operator fallibilities identified with the help of the HFIRDB, and general domain and human factors
knowledge to identify specific failure modes — i.e., operator errors — that could occur in performing the task as a
result of the interaction of system and task characteristics with those fallibilities. These are entered into the HMSEM
workbook. Table 3 presents some results from FMEA applied to the task [A2534: Determine traffic IDs, bearings,
ranges, & relative altitudes from CDTI].

Issue Identification

To identify issues, the HMSEM analysts collect similar failure modes and those related by common fallibilities and
task characteristics. For each such collection, the analysts compose a statement which, if it is or should become true
in the implementation and operation of the system, describes a condition or situation related to system operations
where natural human characteristics, capabilities, limitations, and tendencies are very likely to lead to significant
problems with system effectiveness, efficiency, or safety. These issues are added to the HMSEM workbook. Table 4
presents some NextGen flight deck failure modes and general issues arising from them.

Requirements Development

Perhaps hundreds of human factors issues related to the NextGen flight deck may be identified in this and
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Table 3. Excerpts from the Failure Modes and Effects Analysis of the task, [A2534: Determine traffic IDs, bearings,
ranges, & relative altitudes from CDTI].

£ g
Other g‘ % 2
Contributing Potential Effects of 2 8 B
Human_Fallibility Factor(s) Potential Failure Mode Failure Mode & &£ 2 RPN
Perceptual competition High symbol MM error: FC confuses two CDTI traffic Inaccurate perception 5 4 5 100
density on symbols, mis-estimates and projection of traffic
HSI/CDTI bearing/range/altitude/trajectory of one bearing/range/altitude/t

or both. rajectory, loss of
separation/spacing.

Negative skill transfer CDTI display MM error: FC misinterprets CDTI traffic Inaccurate perception 5 4 4 80

format, info, mis-estimates and projection of traffic

symbology differ bearing/range/altitude/trajectory. bearing/range/altitude/t

from those of rajectory, loss of

similar separation/spacing.

equipment.
Strategic task- Other high- TM error: FC fixates on CDTI, fails to  Other tasks ignored or 4 5 4 80
management bias priority, perform other high-priority tasks. performed poorly.

concurrent

tasks/stimuli.

Table 4. Some general issues identified by analysis of the NextGen flight deck.

Related Failure Modes In Task(s) Resulting General Issue

Miss: FC misses traffic on CDTI. A2532 The flight crew's CDTI traffic detection performance
decreases over long periods of self-separation authority.

Delay: CDTI scan is prolonged. Miss: FC fixates A2532 The effectiveness and efficiency of the flight crew's CDTI

on one region of CDTI, misses other traffic. traffic scan is very susceptible to stress and other
performance-shaping factors and performance can suffer as
a result.

mistake: FC chooses and sets HSI/CDTI to A2531 Complex device configuration procedures induce pilots to

inappropriate config. select suboptimal configurations, leading to diminished
performance when the devices are used.

slip: FC sets HSI/CDTI to unintended config. A2531, Attempting to perform two or more tasks that require the

lapse: FC omits step to properly configure A2534 same mental resources concurrently causes the

HSI/CDTI. MM error: FC misinterprets CDTI traffic performance of at least one of them to be diminished,

info, mis-estimates
bearing/range/altitude/trajectory.

other ways, but unless guidance is given to avert the potential effectiveness, efficiency, and safety problems they
raise, merely citing them is of little value. Here is an opportunity for aviation human factors scientists and
practitioners to go the next step toward solution. In addition to human fallibilities information, the HFIRDB contains
general guidance information for remediations to reduce the likelihood that human fallibilities will interact with
system and task characteristics to manifest themselves as errors. With fallibility, failure mode, error, and issue
information from the HMSEM workbook, the analysts may turn again to the HFIRDB to retrieve countermeasures it
suggests to counteract the fallibilities. Table 5 presents some suggested requirements for the NextGen flight deck.
Following requirements engineering convention, terms and phrases enclosed in asterisks (* ... *) are, for the time
being, ambiguous and unverifiable. Further analysis, and possibly research, will be required to refine them.

Discussion

HMSEM is prospective, systematic, and is based on validated human factors knowledge. Moreover, its use
of a rich functional modeling formalism provides a framework to organize human fallibilities, potential errors,
human factors issues, and recommendations or requirements in a way compatible with the functional models used by
system architects and engineers. It thus offers a natural way for human factors scientists and engineers to collaborate
with system designers in the critical early stages of system development. But HMSEM has important limitations. In
its present form, it is a time-consuming process. Most HMSEM tools are presently in the prototype stage. Despite its
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Table 5. Some preliminary NextGen flight deck requirements to address issues identified in
HMSEM analysis. Asterisks (* ... *) denote as-yet unverifiable terms.

A# Requirement Type

AO NextGen flight crews shall receive concurrent task management training, Training
including *topics TBD*.

A253  CDTI traffic symbol visual coding, for whatever purpose, shall *manifest* exactly Equipment
three levels of salience corresponding to the three levels of traffic priority: low
for the symbols of normal priority traffic, medium for symbols of intermediate
priority traffic, and high for symbols of high priority traffic.

A2532 CDTI procedures shall *recommend or specify* a *systematic* display scan Procedures
pattern that covers the entire display each cycle and which cycle is completed
in no more than *C* seconds.

attempt to be systematic, its application is still subject to analyst biases and analyst knowledge and cognitive
limitations. Its application to NextGen, described in this paper, is limited in scope to a few tasks related to CDTI-
based traffic awareness. The functional model itself is limited in scope and based on as-yet very limited
documentation on the envisioned NextGen flight deck.

Recommendations

Therefore, the knowledge base of the HFIRDB should be expanded to address more dimensions of human
performance and the HMSEM workbook should be converted to a more robust software tool that integrates the other
tools, provides a repository for findings, and generates publishable reports. A team of human factors analysts, SMEs,
and engineers should be assembled to continue applying HMSEM to NextGen. They should refine and expand the
ONFDFM to incorporate the most recent plans for NextGen implementation, modeling, in detail, the full scope of
flight deck functions. They should use the model and refined tools to identify human fallibilities, potential errors,
and human factors issues, and make recommendations for engineering requirements to guide NextGen system
design. Throughout this process, the team should work with NextGen system architects and engineers to make the
ONFDFM consistent with functional models used for NextGen development, to utilize the latest NextGen plans in
their analyses, and to organize and present their findings in a way compatible with NextGen design documents. In
this way, human factors analysis and recommendations will be more likely to have greater impact on NextGen.
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‘Aviator 2030’ is a project at DLR on ability requirements for operators in future
ATM systems. Several workshops have been conducted with pilots and air traffic
controllers to learn how today’s aviation professionals see their jobs develop in
future. Using separated workshops first, pilots and air traffic controllers were
introduced to current developments within the context of Single European Sky SES, a
large-scale program comparable to NextGen in the United States. Following the
‘future-workshop’ concept participants developed scenarios of future ATM from
their professional background and experience. In a third workshop pilots and
controllers met to exchange and discuss their concepts. Together they developed a
shared view of future ATM systems, using role-plays and other forms of
presentation. They also used the Fleishman Job Analysis Survey F-JAS in a special
version to express their view on future ability requirements.

Improvements in air traffic management (ATM) and aircraft systems as well as organisational
structures have become one of the key challenges of aviation in 21* century. This is especially
important with regard to the considerable increase in air traffic. To allow maximum capacity and
safety as well as minimum impact on environment and cost, Single European Sky (SES) will be
implemented to coordinate the traffic in Europe.

The key question of the project ‘Aviator 2030’ deals with changes that will concern pilots and air
traffic controllers introducing SES. Which modifications of operators’ tasks, roles and responsibilities
can be expected? Will pilot or air traffic control trainees selected today ever work in the ATM system
reflected in the current job analysis? If not, what ability requirements will change, what will remain?

Aviator 2030

Based on domain experts’ point of view, Aviator 2030 develops future scenarios of ATM. Key aspects
of these scenarios are tested with human operators in low-fidelity simulators which combine on-board
and ATC systems. Thus, potential changes in ability requirements for pilots and air traffic controllers
will be identified prospectively and allow for timely adjustment of selection profiles (figure 1).

/future concept

Y )

\ of ATM )
simulation and future ability
experiments requirements/

—

deriving criteria future \‘
of requirements ability tests

workshops with
domain experts’

Figure 1. Flowchart of the project Aviator 2030

Workshops with experienced air traffic controllers and pilots have been conducted separately to obtain
job incumbents expectations regarding their future tasks, roles and responsibilities. The first two-day
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workshop was conducted with nine air traffic controllers of the Deutsche Flugsicherung GmbH (DFS
GmbH) and the second involved ten pilots of Deutsche Lufthansa AG (DLH AG). Both workshops
were designed correspondently using the future workshop concept. This technique developed by Jungk
in the 1970s (Jungk & Muellert, 1987) enables a group of people to generate new ideas or solutions of
mainly social or organizational issues. It has been used for the first time in a technical aviation context
with good success.

Each future workshop started with an information session: Participants were informed about the
general idea of the project, the goals of the ‘Vision 2020’ for European aeronautics and the Concept of
Operations for the Single European Sky (SESAR CONOPS, Sesar 2007).

Participants and controllers were then asked for their criticisms about ‘Vision 2020’ and SESAR
CONOPS. Both ATC and pilots emphasised the risk of single workplace replacing teamwork, shift of
competencies or incapacitation and inappropriate system design. Upon collecting risk about future
aviation, participants were asked for their ideas about future aviation. Visionary scenarios dealt with
the process of negotiation of 4D-trajectory, tactical planning and operating of flights, improvements of
human resource planning, first draft of a virtual workspace and a new approach to line and recurrent
training. All scenarios consist of innovative approaches for handling possibilities and changes in the
future. Finally, participants checked their scenarios with regard to further steps, workplace design and
potential obstacles.

About four months later an integrative workshop with the same pilots and air traffic controllers was
conducted to exchange the ideas and concepts. First, results of the future workshops were presented
and discussed. Controller and pilots enjoyed sharing their future scenarios. Second, mixed groups
consisting of controller and pilots elaborated several ideas: a concept of trajectory negotiation,
procedures for operating flights in the future and an integrated training system for pilots and air traffic
controllers. In general, participants developed future scenarios including ATC’ and pilots’
perspectives. Finally, participants derived future scenarios which should according to their background
be simulated and tested in the ongoing project. A detailed description of the layout and the outcome of
the workshops is provided by Bruder, Jorn & Eif3feldt (2008).

To receive a first impression on potential changes in ability requirements in a more standardised way,
participants of the workshops were finally asked to rate the ability requirements for the future ATM
system. To do so participants teamed up in pairs with always one of each background to enable a
mutual understanding of scales to be rated and to support the exchange of views. Each participant then
gave his rating for his professional role in the light of his understanding of the future ATM system.

Method

The Fleishman Job Analysis Survey F-JAS (F-JAS; Fleishman 1992) was used to depict ability
requirements for the future ATM system. With the F-JAS job incumbents are asked touse a 1 to 7
scale to “rate the task on the level of the ability required, not the difficulty, time spent or importance of
the ability” (Fleishman 1992b, p.7). The F-JAS has been used at DLR in a number of studies with
good success, for instance in a simulator study at the DFS Research & Development Centre on the
effects of ATM systems comprising datalink (EiBfeldt, Deuchert & Bierwagen, 1999).

The F-JAS Fleishman Job Analysis Survey (Fleishman 1992) is a survey measuring human abilities,
providing detailed definitions and anchored rating scales for 72 scales covering the domains of
cognitive, psychomotor, physical and sensory abilities as well as interactive/social and
knowledge/skills scales, the latter being still under research. It comes together with a detailed
‘Administrators Guide’ (Fleishman & Reilly 1992a) and the ‘Handbook of Human Abilities’
(Fleishman & Reilly 1992b) providing some theoretical background and lists of validated tests
measuring a certain abilities including reference data of test providers. In 1995 the F-JAS was
republished with 52 scales covering cognitive, psychomotor, physical and sensory/perceptual abilities.
In 1996 the F-JAS Kit Part 2 was published covering 21 social/interpersonal abilities (MRI 1996).

With the Aviator 2030 project a special version of the F-JAS was developed including not only the
original scale material but anchors representing requirements of current pilots and air traffic controller
jobs in addition. These mean ratings reflect the results of prior studies with air traffic controllers of
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Deutsche Flugsicherung GmbH (N = 88; Eififeldt & Heintz, 2002) and pilots of Deutsche Lufthansa
AG (N = 141; Goeters, Maschke & Eififeldt, 2004). In this special F-JAS aviator version the mean
rating for air traffic controllers of DFS is depicted in a blue box on the left, the mean rating for pilots
of DLH in a yellow box on the right side of the central scale. Figure 2 shows an example for a scale as
used in the project Aviator 2030 with integrated anchors for air traffic controllers and pilots.

1. Oral

Comprehensiod This is the ability to listen and understand spoken words and sentences.

How Oral Comprehension Is Different From Other Abilities

Wiitten Comprehension: Involves reading
and understanding written words and
sentences.

Oral Comprehension: Involves listening to and un-
derstanding words and sentences spoken by others.

Oral Expression and Wiritten Expression
Involve speaking or writing words and
sentences so others will understand.

: : : 7T
Requires understanding complex or detailed
information that is presented orally, contains
unusual words and phrases, and involves fine
digtinctions in meaning amang words. 6
. Understand a lecture on metaphys-
ics.
534
51
4 o _
«— Understand instrustions for a sport.
3+
: : , 21 . .
Requires. understanding shor or simple sna- «— Understand a television commercial
ken nfomation that contains comman, werk
andphrases.
1L
Figure 2. Example scale F-JAS aviator: Oral comprehension with added anchor scales for air

traffic controllers and pilots. Adapted from Fleishman (1992), with permission.

To integrate these anchors graphically on the scale better allows interpreting results as increasing or
decreasing requirements compared to today. In an earlier study this was achieved by working the F-
JAS twice: First to obtain the ratings for the everyday job experience as air traffic controller and
second, after days of training and simulation in a new datalink environment to collect the ratings for
the new system (EiBfeldt 1999). Due to time constraints this approach was not possible for the Aviator
project; however the special experience of this unique group of aviation professionals after 4 days of
dealing with issues of future ATM demanded the use of scientific standardized material. After some
first trials it was decided to integrate the anchors as numerical values in coloured coding directly on
the scales. The F-JAS aviator version proved to be easy to work with, a total of 15 sets of ratings (8
pilots, 7 air traffic controllers) were collected. Although this sample does not reach a size allowing for
strong interpretation, the combination with larger existing data sets (141 pilots, 88 air traffic
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controllers) should enable interpretation of ratings obtained from workshop participants. However, it
has to be considered that these results are preliminary.

Results

In the following only the results for the cognitive abilities of the F-JAS aviator will be discussed. As
Figure 3 shows many of the scales in the cognitive domain were rated very similar for the future ATM
system as for the current job requirements. For air traffic controllers, strong increase was found with
‘problem sensitivity’ and ‘speed of closure’; strong decrease was rated for ‘originality’, memorization’
and ‘spatial orientation’. For pilots a strong increase was indicated for ‘deductive reasoning’ and a
strong decrease in ‘number facility’. Given that ‘Abilities with mean ratings of four or greater are
generally considered to be important for the job (Fleishman & Reilly 1992, p.10)’ the impression is
that the profile of cognitive ability requirements will not change essentially with future ATM concepts
for both professions, with some minor adjustments being proposed.

Aviator 2030 F-JAS Cognitive Abilities

20 Selective Attention
19 Perceptual Speed PDYDMm0m0—0——e———————————
18 Visualizaton (bprii,;id —0  ——————————————
17 Spatial Orientation =;
16 Flexibility of Closure
15 Speed of Closure
14 Category Flexibility
13 Information Ordering

12 Inductive Reasoning =

11 Deductive Reasoning

10 Number Facility E——————————— |

08 Problem Sensitivity [
07 Memorization | ————————————————

06 Originality
05 Fluency of Ideas
04 Written Expression
03 Oral Expression
02 Written Comprehension
01 Oral Comprehension

e —— |

1,00 2,00 3,00 4,00 5,00 6,00 7,00
Mean Rating

[DAirline Pilots O Aviator Pilots 0 Aviator ATCs BATC |

Figure 3. F-JAS Cognitive Abilities for pilots and air traffic controllers in Aviator 2030

A second look concerns the similarity of ratings for pilots and controllers: in the domain of cognitive
abilities most of the ratings are not much different for the two groups. Only two of the cognitive scales
showed significant differences between pilots and air traffic controllers: ‘spatial orientation’ and
“visualization’.

Looking at the pattern of results for ‘visualization’ in both groups there was a slight increase with the
future ATM concepts, as was seen with a lot of the cognitive abilities. Also ‘oral comprehension’,
‘oral expression’, ‘problem sensitivity’, ‘deductive reasoning’, ‘inductive reasoning’, ‘category
flexibility’, ‘speed of closure’, ‘perceptual speed’ and ‘time sharing’ all showed a slight increase with
the future ATM concepts for both professional groups.

With ‘spatial orientation’ it was different; there was an increase in relevance for the pilots and a
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decrease for the air traffic controller group. A similar but only slight tendency was found in the ratings
for ‘selective attention’ and ‘information ordering’. There was not a single cognitive ability showing
the opposite pattern of decrease of relevance with pilots and increase with future ATM concepts for air
traffic controllers.

In a third pattern of results the relevance of abilities decreased with the future ATM concepts for both
professional groups. ‘Written comprehension’, ‘written expression’, ‘originality’, ‘memorization’,
‘problem sensitivity’, ‘mathematical reasoning’, and ‘number facility’ all showed decreasing relevance
with future ATM concepts as discussed in the Aviator 2030 workshops.

Discussion

To follow up the changes in ability requirements of core aviation professions remains a never ending
task for those dealing with aviator selection. Especially the introduction of new automation has to be
controlled for effects on tasks, roles and responsibilities, and in consequence on selection profiles
(EiBfeldt 1991). However, when cognitive abilities are focussed, there seems neither relief nor much
intensification of ability requirements to be stated. What can be foreseen are pilot and air traffic
controller profiles assimilating with regard to cognitive abilities mostly linked to the tasks of airborne
separation issues.
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The aviation industry is envisioning a tremendous growth of air traffic within the
next two decades. New technologies and operational concepts will be the key
enablers to accommodate the increasing amount of movements in a safe, efficient
and environment friendly manner. Current working concepts reach from improved
interoperability of national ATM systems, via satellite based navigation,
collaborative decision making, and self separation of aircraft up to fully
automated air-ground-space systems. It can be expected that the introduction of
such concepts will have a significant impact on the working conditions and job
requirements of future air traffic controllers and pilots, who were selected on
traditional job profiles reflecting the current and past operational settings. Our
paper is presenting elements of a prospective job analysis of future aviators
assigned to specific operational tasks within the future air transport system.
Results will be based on reviews of available international concept papers,
conducted future workshops with present job holders and low fidelity simulation
runs of collaborative air traffic control and aircraft separation tasks. Relevant en-
route and arrival scenarios will be discussed and presented at the symposium with
some preliminary data of the initial tryout studies.

One important basis of a fair and efficient selection system is the adequate identification
of job requirements. However, in times of rapidly developing working conditions, job profiles of
knowledge, skills, abilities and other characteristics have an increasing short half-life period. The
classical selection rationale that job requirements should match a person’s individual pattern of
stable aptitudes and interests will become perishable because of significant environmental
influences. The drivers of that change are economical, technological and societal in nature
(Anderson & Herriot, 1997). Such changes will lead to altered sets of typical job tasks,
procedures and resources, which may or may not be congruent with the selection methods used
to predict the job holders’ success at the time of hiring. In some cases, staff members might even
have to be retrained or reassigned to different tasks. This will bear equal challenges for experts in
selection as well as in training.

The aviation system is facing tremendous challenges in the coming decades due to the
economic needs to expand transportation capacities by a factor 2x or beyond while maintaining
the same or better safety levels (Ky & Miaillier, 2006; Krois, McCloy & Piccione, 2007). Such
growth will be enabled by new technologies and operational concepts, which will significantly
affect the work roles and tasks of all human actors in the future air transport system. Work roles
may become more interchangeable, flexible, and proactive. For example, human operators could

118



control aircraft from the ground or air traffic controllers might give instructions to aircraft
clusters instead of single aircraft while spacing and separation could be assured by pilots in the
cockpit. A new job profile might develop, for which we use the term Aviator. This paper is part
of the project called AVIATOR 2030 (Eissteldt, 2006), which intends to elaborate tools and
methods for a prospective analysis of job requirements and work roles in future commercial
aviation. Future workshops and simulation are the main approaches applied in this project. While
the paper of Eissfeldt et al. (see Symposium Proceedings) describes the results of the future
workshops, this paper will provide an outline of the derived scenarios, which will be
implemented in a simulation environment called AviaSim in order to investigate potential new
work roles of pilots and controllers.

New Concepts for the Air Transport System within NextGen and SESAR

Current developments in the aviation system are driven in the US and in Europe by two
large-scale industry-government programs called NextGen and SESAR. SESAR is Europe's
Single European Sky Air traffic Research system. NextGen is the US' Next Generation Air
Transport System. Both programs are aiming to prepare the future air transport system for the
increased demands in the years 2020 and beyond. The common vision is to integrate and
implement new technologies and operational concepts that will boost performance of the air
traffic management system (ATM) on a sustainable basis. Both, SESAR and NextGen combine
increased automation with new procedures to achieve safety, economic, capacity, environmental,
and security benefits. The programs will be aligned with each other to establish common
standards for technical equipment and interoperability (JPDO, 2007; SESAR, 2007).

A key component is the cooperative ATM-model (C-ATM), where aircraft are constantly
sharing their position data (from navigational satellites), flight path intent, and other relevant
aircraft parameters with each other and with ATC. Automatic Dependent Surveillance Broadcast,
known as ADS-B is one of the technological preconditions to determine navigational data at a
much higher degree of precision. This system can be used to transmit with high accuracy the
same traffic information to pilots and air traffic controllers (ATCOs) and hence assure safe
aircraft separation even if minima are reduced in high density airspace or at the airport. The new
paradigm for planning and executing system operations will be the aircraft’s 4D-trajectories: a
4D-trajectory is the aircraft path in three spatial dimensions related to time, from gate-to-gate.
SESAR’s ATM target concept is based on a further number of key features (SESAR, 2007):

e Trajectory management with minimized constraints by airspace design or pre-defined
routes

e Collaborative planning continuously reflected in the Networks Operations Plan to ensure
strategic de-conflicting even where resources are constrained

e (Capacity gains by integration of airport operations and greater coordination between the
stakeholders

e New separation modes supported by ATCOs and airborne separation systems will
minimize potential conflicts and interventions

e System wide information management (SWIM), which integrates all ATM operational
relevant data and links all relevant users into collaborative decision making (CDM)
processes

119



e Humans will be central as managers and decision-makers even though advanced levels of
automation support will be required to exploit the complexity.

The nature of roles and tasks for human actors within the future system will necessarily
change. This will affect equipment design, staff selection, training (especially for unusual
situations and degraded mode of operations), competence requirements and relevant
regulations. For example, SWIM will cause a shift from mutually exchanging information to
publishing, broadcasting, and goal-directed retrieval and usage of information.

AviaSim — A New Simulation Platform with Multiple Actors

Future workshops were conducted with a number of experienced ATCOs of the Deutsche
Flugsicherung (DFS) and airline pilots of Deutsche Lufthansa (DLH). As described in the paper
by Eissfeldt (2009), the workshop participants generated several future scenario elements such as
trajectory negotiation, tactical flight planning, self-separation, working in distributed teams, or
teaming with automation. On the basis of these workshop results and the review of NextGen’s
and SESAR’s future operational concepts, a simulation platform called AviaSim has been
developed by the authors, which should allow to investigate processes of the tactical decision
making, task allocation, attention, monitoring, and information management of human actors
working together collaboratively in a distributed team environment.

Figure 1. AviaSim simulation platform with a networked configuration of eight flight simulators
and one air traffic control simulator. Workplaces are equipped with standard technology and
additional decision support systems. Communication is via data link and VOIP (Hoermann,
Schulze-Kissing & Zierke, 2008)
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With open local area network architecture, AviaSim is currently configured for up to nine
aviator workplaces: one for an air traffic controller and eight for pilots. Additional traffic can be
generated with pre-determined flight plans per experimental script files. Each workplace has the
standard equipment with additional automatic assistance functionality to support tactical decision
making and continuous monitoring tasks. Figure 1 displays a configuration with traffic
information displays and collision warning functionality. Communication processes are
facilitated through VOIP and advanced by data link channels. This configuration serves
primarily the simulation of en-route scenarios. However, with different support systems such as
airport moving maps or arrival/departure managers we can also simulate with AviaSim traffic
situations on ground or during departure and arrival. The type of aircraft also permits to
introduce military traffic and uninhabited aerial systems.

Development of a Potential Future Scenario

The choice of a potential future scenario was guided by a number of project-specific
criteria and constraints:

Realistic simulation of the working environment

Reflecting results of the future workshops

Consideration of required expertise of the subjects

Air-ground simulation of the collaboration between multiple actors with distributed roles
Facilitating control of experimental factors and measurement of a variety of relevant
dimensions, including hard data, observation, subjective rating and eye-point of gaze

e Low fidelity simulation platform with open architecture.

The main purpose of the scenario development is to create an environment, in which it is
possible to investigate work processes of aviators in the future air transport system. However, the
technology development has not yet progressed so far that specific descriptions would be
publicly available so that operational procedures could be elaborated. Therefore, our scenarios
just have a certain probability of being realistic. In order to maximize this probability, it was
essential to review current proposals of SESAR and NextGen for concepts of operation as well
as to conduct the workshops with present jobholders. As a result of this, the focus of our initial
scenario scripts is on how to define the functionality of future inborard/onground human to
human communication interfaces as well as how to integrate new automation systems in the
future work processes. The collaboration between distributed human and automatic team players
during operational decision making processes from gate-to-gate is a main facet of the future air
transport system, which we intend to investigate (see Figure 2).

The general task is to plan and execute effective separation of traffic by complying with
the needs of the user while assuring separation minima. The authority for separation control
should be transferred between ATCOs and pilots during the scenario. The different human actors
will cooperate with particular assistance systems which can be attached or detached to the
workplace (Concept of Control Sharing). They can choose to communicate with each other per
data link or per voice transmission in a dyadic or in a partyline manner. The airspace is sectored
into managed and unmanaged areas separated by transition layers. Following specific handover
procedures, separation authority will be transferred from ground to air or back from air to ground
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upon transitions between managed and unmanaged sectors (Concept of Control Transfer). When
an aircraft is in self-separation mode, it will have to follow a certain set of rules to prevent the
risk of loss of separation. This en-route scenario challenges the crews’ abilities of planning ahead,
situation awareness, communication, information management and decision making as well as
their attitudes towards Compliance to Rules and Trust in Automation.

Collaborative Decision Making (CDM)

Human- ; 40
Computer- :
Interaction

%

Transfer
of
Control

Transfer
of
Control
Human- Human-
Computer- Computer-
Interaction Interaction
. O Pilots
Separation by: [ ATCOs

B Automation (Air &Ground Systems)

Figure 2. Control Sharing and Control Transfer for separation tasks in future gate-to-gate
operations (Hoermann, Schulze-Kissing & Zierke, 2008)

It can be expected that such handover situations of authority carry a slightly increased
risk of misunderstanding. Therefore, we expect flexibility of attention, communication, foresight
and shared situation awareness of all actors to become critical factors of system performance.
During self-separation, the ATCO can shift certain degrees of attention to secondary tasks. Eye-
point-of-gaze measurement will be applied to record monitoring behavior. Being displayed on a
different screen, secondary cognitive and perceptual tasks can also be inserted into the cockpit
environment to gain some information on the workload, attention control, planning and
monitoring behavior of the pilots.

In summary, task performance in the described en-route scenario should be relatively
independent of the degree of subjects’ technical knowledge and expertise. However, they will of
course have to be current license holders. It is further intended to create a normal operations
scenario without a significant amount of technical failures. The focus will be the behavior of the
human actors. The determination of basic job requirements will not be linked to emergency
situations in this phase of the project.
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Outlook

At the time of writing this paper, the project is preparing for first tryout studies and data
collection phases. The AviaSim platform is already equipped and checked with all technical
features described above. Up to 20 subjects will be recruited from DFS and DLH to activate the
system and to participate in the real-time simulation of authority and control sharing and transfer
in the future aviation system. It is envisioned to apply a customized version of Fleishman’s Job
Analysis Survey as described by Eissfeldt (2009) to collect information about the cognitive task
requirements. In addition, a number of performance indicators will be collected. In future, we
intend to use the AviaSim platform for cognitive task analyses of aviators beyond the en-route
scenario. Arrival and departure scenarios with respective assistance systems have already been
drafted and will be followed by surface movements at airfields. Assistance systems with higher
levels of intelligence are also being designed. The open system architecture offers plenty degrees
of freedom for expanding the equipment parallel to definition and implementation phases of
NextGen and SESAR.
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The objective of this research was to develop a model of pilot cognitive behavior to predict
performance and workload while using varying degrees of cockpit automation to serve as a basis
for future systems design. A cognitive task analysis (CTA) was conducted on expert pilot
performance a flight control panel (FCP), control-display unit (CDU) and flight management
system, and an enhanced CDU (CDU+) providing pre-programmed arrivals from air traffic control
in a simulated landing and approach task. Cognitive models were developed from the CTA using
an enhanced form of the GOMS language, including a set of additional task operators, to represent
pilot actions on cockpit interfaces. Pilot performance and workload data from a parallel empirical
study of the same flight tasks were used as a basis for validating the cognitive model output.
Indices of automation complexity were formulated based on counts of task methods and steps,
required chunks of information, and information transactions coded in the enhanced GOMS
models. These indices revealed high complexity for the FCP mode and low complexity for the
prototype CDU+ mode. The automation index values were positively and significantly correlated
with pilot heart rate (as an objective measure of workload) and vertical path deviation error from
the experimental data set. The computational cognitive models of pilot behavior in using forms of
cockpit automation were demonstrated to be a viable tool for predicting pilot workload and flight
performance under high workload flight conditions.

Early research on cockpit automation (e.g., Wiener & Curry, 1980) identified potential human performance
consequences resulting from a technology-centered approach to automation design implementing automation
wherever and whenever possible, while leaving unanticipated and unstructured tasks to the pilot. These
consequences include pilot complacency, vigilance decrements, loss of situation awareness and decision making
problems. A number of empirical studies subsequently demonstrated such negative effects of technology centered
automation design (e.g., Parasuraman et al., 1992; Endsley & Kiris, 1995) both in the aviation context and other
domains. On this basis, human-centered approaches to cockpit automation (e.g., Billings, 1997) were proposed. This
includes considering the information processing and performance capabilities of pilots as well as how pilots interact
with cockpit interfaces. Empirical studies were conducted to determine the impact of various levels of automation on
human performance, workload and situation awareness in aviation-related tasks (e.g., Endsley & Kaber, 1999),
which led to guidelines for the use of intermediate modes of automation (between manual control and full
automation). Beyond this, qualitative models for selecting the types and levels of automation applicable to human-
machine systems (Parasuraman et al., 2000) were developed.

The main issue with the existing approaches to cockpit automation design is that they require empirical
data as a basis for design alternative selection or they are based on collections of design guidelines with limited
theoretical explanation of why such guidelines might be effective. Experimental studies to obtain necessary data are
time consuming and costly. Also, the lack of a cognitive explanation for why certain design principles may be useful
limits understanding of when and how guidelines should be applied. With this in mind, there is a need to develop
computational models of pilot behavior in interacting with cockpit automation as a basis for reducing
experimentation to assess or validate specific forms of automation. Such models can also provide a basis for
explaining the effects of automation design guidelines in terms of perceptual processing, memory transactions,
decision rule use, and response execution; thereby providing a more theoretical foundation of human-centered
design of automation. Based on the prior research, the objective for the present study was to develop a
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computational (computer-based) model of pilot cognition interacting with various forms of cockpit automation as a
basis for future system design.

Method
Flight Simulator and Flight Scenario

A PC-based flight simulator was setup for cockpit automation prototyping and to collect data on pilot
performance for use in the cognitive model validation step. The simulator setup consisted of two PCs and flight deck
controls, including a yoke, a throttle quadrant, and rudder pedals (see Figure 1 (a) for the simulator setup and
displays) integrated with the X-Plane simulator software. Two LCD monitors were arranged vertically with the
lower display presenting the instrument panel of the Boeing 767-300, including the primary flight display (PFD),
flight control panel (FCP), and control display unit (CDU) (or flight management system (FMS)) interface. The
upper display showed an out-of-cockpit view of the dynamic flight situation rendered by X-Plane. The display
contents of the two monitors were synchronized using a TCP/IP network supported by the X-plane software.

@ (b)
Figure 1. Simulator setup (a) and image of X-Plane displays (b).

A realistic arrival and landing scenario was created to support the objectives of conducting a CTA on pilot
interaction with cockpit automation and the experimental study of the performance effects of automation in
addressing normal events during a high workload phase of flight. Reno-Tahoe International Airport (KRNO) was
chosen for its proximity to significant terrain and selection of instrument approaches and arrivals. There were three
critical events pilots encountered in the flight scenario. The first critical event was a re-clearance from the northern
standard terminal arrival (STAR) to the southern STAR due to a runway changing. This occurred 5 NM from the
first waypoint, which served both STARs, and pilots had a very short period of time to interpret the clearance and
command the aircraft to turn onto the new STAR. The second critical event was a northbound leg of the STAR to
align the aircraft with the ILS final approach. This leg was defined as the backcourse of the ILS serving the opposite
runway. Backcourse procedures are familiar to all instrument rated pilots, but they are not often encountered in
normal service. This required extra effort from pilots to recall and carryout the correct procedures at the proper times.
The last critical event was a clearance to descend from the initial altitude. If there was any delay in beginning the
descent or if the rate of descent was too low, intercepting the glideslope became very difficult.

Three Interfaces Representing Different Forms of Cockpit Automation

There were three different modes of cockpit automation (MOAs) that were simulated through the X-Plane
software. Each MOA had four types of information processing functions (TOF) including perception of flight status
(TPF-P), flight information analysis (TOF-IA), decision making on flight path (TOF-DM), and pilot action
implementation (TOF-AI). In the FCP mode, X-Plane presented the B-757/767 flight control panel. Pilots used the
FCP display for tracking altitude and speed (TOF-P) and they dialed-in flight path targets (TOF-AI) during the
experiment. Because, X-Plane does not provide the B-757/767 CDU, a new realistic CDU interface was developed
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using the X-Plane SDK. This was then employed for the CTA and pilot performance study. With respect to the
CDU+ mode, the main difference from the CDU mode was that the system was capable of presenting to the pilot
(TOF-P) ATC suggested routes including vertical path, when changing or deciding on other routes (TOF-DM) under
inclement weather conditions, etc. With these pre-planned routes, pilot control actions (TOF-AI) were dramatically
reduced, as the CDU+ required no pilot interaction during the STAR, once the desired runway for landing was
selected.

Cognitive Task Analysis

There was a need to develop an understanding of the commercial transport pilot’s working context as a
starting point for the cognitive modeling effort. Kieras (1997) suggested that cognitive modeling starts with a CTA.
The purpose of this step in the research was to identify expert pilot behaviors in flying the high workload landing
approach scenario using the different forms of cockpit automation simulated through the enhanced X-Plane setup.
Specifically, the CTA was expected to reveal pilot goals, decisions, information requirements, and tasks in achieving
goals at various stages in the approach. Information from verbal protocols and goal-directed task analyses (Endsley,
1993) was used to develop the computational cognitive models of pilot behavior with the FCP, CDU and CDU+
modes of control.

The CTA required several steps, including: (1) videotaping expert pilot performance with the X-Plane
simulation in the test flight scenario; (2) recording pilot verbal protocols and transcribing them; (3) formulating pilot
task lists for each MOA. Table 1 shows an example of task items for the FCP mode at a specific location (73 DME
from the MINA VOR (MVA) outbound) after receiving a clearance from ATC according to the flight scenario; (4)
developing pilot action flow diagrams (AFDs) of overt and cognitive behaviors as the basis for cognitive model
coding. Figure 2 shows example AFDs for the use of the three different MOAs in the rerouting task (Figure 2(a))
and a sub-task flow to check FCP settings and the required information for the task (Figure 2 (b)); and (5) expert
pilot verification of the AFDs for accuracy in describing behaviors with the automation in the various phases of the
approach. For the first, second and fifth steps of this procedure, a highly experienced former USAF transport pilot
(C-130) with ATP certification served as the expert pilot.

Table 1. Example of task items for FCP use.

. Current Status FCP
Location (Expected) ATC Clearance Tasks Objects
NAV1 MVA/I-RNO Descending (to 16000) V/S mode
MVA 73 NAV2 | FMG . Spe.ed dowq IAS knob .
DME Source | NAVI1 Altitude 16000 | Switch Radio NAVI Radio
outbound Altitude | 18000 Speed 250 HDG Setting (344) HDG knob
IAS 350 Altimeter | 30.03 | BC toggle on BC button
HDG 283 Altimeter Setting Altimeter knob
SEGA FCP Setting
(Reroute)
e et B A p——

1S | 350kts lias [asoks |
HDG Seiting Chedk AIT Setting Check SPD Sctting Check
1

| Leck ot
! o

<CDU Set for Reroute>

<> [TARVRONE] ooy iom:
<CDUF Set for Reroute>

Geting Raforring
ATCClearance2  approach plate

(a) (b)
Figure 2. Example of AFDs for general flow of rerouting task (a) and sub-task for checking FCP setting (b).
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Development of GOMS Models

Enhanced GOMS (E-GOMS) models were created based on the results of the CTA, specifically the AFDs.
The general structure and flow of the models was similar to NGOMSL (Kireas, 1997); however, E-GOMS included
an expansion on theGOMSL available operator set to more accurately represent pilot actions on cockpit interfaces
(e.g., dialing knobs). The E-GOMS models included a main (task) goal, sub-methods and operators for each sub-
method, as well as task item representation. Two major features of each model were the description of the action
flow and the information object set. Models not only represented pilot behaviors, but also the information to be
manipulated during flight tasks (e.g., from external ATC clearances or internal path planning). All information
objects were coded as audio objects with their own variables and values. For example, the information object for the
CDU SPD/ALT setting had two variables, a SPD value and an ALT value. Internal path plans were represented as
task-items.

Empirical Study

A lab experiment was conducted to assess the effects of the FCP, CDU and CDU+ modes of automation on
pilot performance, and subjective and objective workload responses (NASA-TLX and heart rate, respectively). The
experiment used the same scenario as used for the cognitive model development (high workload landing approach
with a “last minute” reroute, steep descent and speed reduction). The main objective was to test hypotheses on the
potential for pilot flight control errors in response to critical events based on the nature of the automation interfaces
and functionality (e.g., the CDU MOA was expected to produce greater waypoint over shoot errors upon the reroute
due to the complexity of flight path reprogramming). The experiment also served to generate a data set for
preliminary validation of cognitive model output.

Results
Experiment

Pilot performance results revealed highly significant effects of MOA among data segments including
vertical and lateral path deviations (p<0.0001). Pilot objective workload (heart rate) revealed significant effects of
MOA and there was an interaction of MOA and flight segment across test trials (p=0.0487) when trial order was
considered in the statistical model. Pilot subjective workload ratings (NASA-TLX) revealed a marginally significant
effect of MOA (p=0.0949) when trial order was considered in the model. In general, these results indicated an
influence of the FCP, CDU, and CDU+ modes of control on pilot behavior and motivated the cognitive model
development effort.

Cognitive Model Outputs

As previously mentioned, the cognitive models were analyzed manually for pilot performance predictions
with the various forms of cockpit automation. Since the flight scenario was divided into three segments for
analyzing the actual pilot performance data from the lab experiment, the cognitive model outputs were also
determined and analyzed according to the same three segments (rerouting, turning, and final approach). In general,
the outputs from the E-GOMS models can be characterized as task complexity indices for each MOA and flight
segment. Four indices were determined for this study, including: (1) the number of sub-methods to perform tasks
during a flight segment; (2) the total number of steps in the model, including those as part of required sub-methods;
(3) the required number of information elements to complete a task during a segment (including the sub-methods);
and (4) the number of information transactions between WM and LTM or external memory (e.g., pilot notes on an
approach plate).

Table 2 shows the values for the task complexity indices for each MOA and flight segment, as determined
from the E-GOMS models. It should be noted that the indices for the final flight segment are the same across MOAs
because only the FCP mode was used in this segment. In general, the FCP mode produced larger index values than
the CDU and CDU+ modes. The CDU+ mode generated the smallest index values among all modes. Therefore, the
CDU+ mode was considered to pose the lowest level of task complexity and use of the FCP mode yielded the
highest level of task complexity.
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Table 2. Calculated task complexity indices for each MOA and flight segment.

Mode of Automation

FCP CDU CDU+
Seg. 1 # of Sub-methods 7 6 6
# of Steps 74 77 69
# of Information 32 24 24
# of Transactions 4 3 3
Seg. 2 # of Sub-methods 16 12 10
# of Steps 169 151 124
# of Information 63 46 42
# of Transactions 12 11 11
Seg. 3 # of Sub-methods 7 7 7
# of Steps 75 75 75
# of Information 31 31 31
# of Transactions 7 7 7

On the basis of these index values, the potential for flight errors can be predicted. Kieras (1997) noted that,
if more than five (5) chucks of information must be maintained in WM at any given time, this lead to cognitive
overload and, consequently, induce errors in performance. Figure 3 shows a plot of the number of chunks of
information required by a pilot during the second flight segment (turning) under each MOA. It can be seen from the
plot that the number of chunks for setting the FCP control to turn the aircraft at TARVR is 16, while the other modes
of control (CDU and CDU+) required less than two (2) chunks of information. Even though the task of setting the
FCP for turning can be further decomposed into heading setting, altitude setting, radio setting and air speed setting,
the amount of information that must be manipulated by a pilot at a given time exceeds the criteria suggested by
Kieras (1997) and the “magic number” of working memory capacity identified by Miller (1956). Thus, it can be
predicted based on the cognitive model output that a pilot may make flight errors in setting the FCP for turning
descent of the aircraft under high workload conditions. Based on the results of the experiment with actual pilots, it
was observed that some participants did not set the FCP appropriately at this point in the flight and this produced
greater path deviation than for the CDU or CDU+ modes.

- +— FCP
P cbu

eedees CDU+

Number of Information required

Position

Tasks

Figure 3. Number of chunks of information required during the second flight segment.
Comparison of Model Outcomes with Experiment Data

Non-parametric correlation (Spearman) analyses were conducted on the task complexity index data and
observations on the workload and performance response measures from the experiment. Since only the FCP mode of

control was used in the final segment of the flight scenario, data for the first and second segments were used for
comparison of model outputs with the pilot HR and path deviation responses. In addition, a composite task difficulty
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index was determined based on the E-GOMS models for all three segments of flight (across all pilots) for correlation
with the NASA-TLX scores, determined at the close of trials.

Results revealed the pilot HR responses were highly correlated with all four model-based task complexity
indices (r= 0.928, 0.829, 0.928, 0.883; number of sub-methods, number of steps, required chunks of information,
and information transactions, accordingly) with a significance level of p=0.05. Additional correlation results
revealed NASA-TLX scores to be positively correlated with the number of sub-methods, number of method steps,
and number of required chunks of information. Unfortunately, there were too few data points for the significance
levels to be considered reliable. Related to this, the number of information transactions was not significantly
correlated with the subjective workload data. In addition, there were positive linear relations between vertical path
deviation and model outcomes including: number of sub-methods (r=0.978, p=0.008); number of steps (r=0.886,
p=0.019); number of required information elements (1=0.978, p=0.008); and number of information transactions
(r=0.971, p=0.001). However, there was no significant correlation between the lateral path deviation data and model
outcomes. These results suggested that for the specific flight scenario, vertical path control performance may be
most sensitive for revealing differences in cognitive processing due to modes of cockpit automation.

Conclusion

The computational cognitive models of pilot behavior in using the various forms of cockpit automation
were demonstrated to be a viable tool for predicting pilot workload and flight performance under high workload
flight conditions. The new cognitive modeling approach may support the development of a general models of pilot
cognition, which may facilitate future automated cockpit design.
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USAGE DATA FROM USERS OF TWO SYNTHETIC VISION SYSTEMS

Dennis B. Beringer
FAA Civil Aerospace Medical Institute
Oklahoma City, OK

Although much research has been conducted regarding display design and formatting criteria for
terrain-depicting or synthetic-vision displays, little data have been collected concerning how Gen-
eral Aviation pilots use fielded displays. Structured interviews were conducted with a small sam-
ple (10; 33% response rate) of users of two fielded synthetic-vision (SV) displays, one with select-
able Highway-In-the-Sky (HITS) guidance and one without. Questions were asked concerning pi-
lots’ experience (both general and specific with display systems) and use of the SV systems by
phase of flight. Use rates for the first system (with a selectable HITS) were high, with “always
used” being reported for 57% or more of the sample during cruise, descent, and approach. Includ-
ing “often used” increased this to over 71%. Patterns were slightly different for the second SV
system users, and were likely attributable to the smaller proportion of sampled users and to format
and content differences; all found the displays extremely useful.

Forward-looking perspective pictorial displays (synthetic vision, SV) are becoming more available in general
aviation (GA) and experimental aircraft. A significant number of research efforts have been initiated to determine
design guidelines based upon both pilot performance and pilot preference. These include studies examining display
design characteristics (Schnell et al., 2003), guidance symbology (Beringer, 2000), applications to specific flight
tasks (Bartalone et al., 2004), and the characteristics of the terrain representations (Lemos et al., 2003). An Advi-
sory Circular on these systems in Part 23 aircraft has been published by the FAA’s Small Airplane Directorate
(FAA, 2005). Other design guidance has been published (SAE Aerospace, 2005), and Minimum Aviation System
Performance standards for a number of synthetic-vision-related systems has just been completed (Radio Technical
Commission for Aeronautics, Special Committee 213). However, the focus has largely been on defining design
parameters for synthetic vision systems (SVS) and the minimum performance acceptable in fielded systems. It was
also of interest to see how those few systems that had already been approved and fielded (two in particular) were
being used by pilots. As is often seen in the introduction of new systems, users often find new and sometimes unan-
ticipated ways of using them. A structured interview was prepared for use with pilots having some experience fly-
ing these two display systems to determine (1) how frequently and under what conditions the displays and certain
features were used (phase of flight, weather), (2) what the pilots perceived as the most and least useful features and
(3) what additional features or functions were found desirable but lacking.

METHOD
Interview instrument

An interview form was constructed to assess a number of demographic, experiential, and system-use items. Demo-
graphic information included age, sex, year that the pilot began licensed flying, certificates held, ratings held, re-
strictions on the medical certificate (e.g., eyeglasses required), and date of last recurrency check, proficiency check,
or biennial flight review. Pilot experience questions included summaries of categorized flight hours (VFR, IFR,
simulator, etc.), type of aircraft flown most frequently, experience with head-up displays (HUD), electronic primary
flight displays (PFD), PFDs with terrain representations, enhanced vision systems with/without flight guidance,
night-vision goggles, forward-looking infrared (FLIR) displays, and any training related to HUDs or FLIR displays.

Questions regarding synthetic vision system features, usage, and evaluations/ratings included (1) type of hard-
ware used (manufacturer/model), (2) terrain flown over while using (6 categories reported by percentage), (3) type
of operations in which used (day/night, VMC/IMC), (4) altitudes at which most flying was done using the system,
(5) frequency of use of SVS by flight phase, (6) frequency of use of pathway (highway-in-the-sky, HITS) guidance
if available by flight phase, (7) the 4 most useful functions of the system, (8) the 4 least useful functions of the sys-
tem, (9) features desired that were not available, (10) training provided for use of the system and format of that
training, (11) strengths and weaknesses of training when provided, (12) operations made possible by the SVS that
could not previously been accomplished or that would have been difficult without it, (13) operations that could be
performed using the system but were not yet allowed under operational rules, (14) ratings of reliability/accuracy and
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safety of both the SVS and flight guidance information, and (15) location of the primary flight display and the
standby instruments on the panel of the aircraft most frequently flown with the SVS.

Participants

Of the 30 certified pilots contacted, 10 agreed to participate (33% response rate). Names of potential interview-
ees were provided courtesy of 2 manufacturers of Electronic Flight Instrumentation Systems (EFIS) currently ap-
proved for use in Part 21 airplanes. Demographics for the 10 pilots who chose to participate are as shown in Table
1. Of these 10 pilots, 5 had primarily piston-engine time, 2 had turboprop time, and 3 had turbojet time.

Table 1. Descriptive statistics for participants’ ages and flight experience as Pilot in Command (PIC).

Age | Years flying experience Total hours PIC PIC hours last 90 days
Mean 55.7 28.9 6,859 69
Median 61.0 26.0 4,397 54
SD 11.2 11.2 6,358 42
Maximum | 67.0 44.0 17,800 145
Minimum | 33.0 13.0 325 25

All of the participants were users of 1 of 2 SVSs certified at the time of the interviews. One of the SVSs (to be re-
ferred to as System 1, n = 7) had an egocentric point-of-view forward-looking terrain display (monochrome terrain)
on the Primary Flight Display (PFD) and flight guidance provided by a selectable HITS. The other system (System
2, n = 3) did not have the HITS but did have color-coded terrain. Although both systems now have egocentric per-
spective-view depictions of the forward view of terrain on the PFD, this had only been in certified status for System
2 for about 2 years at the time of the interviews. As such, 2 of the 3 interviewed users for System 2 had experience
largely with the exocentric-view version on the multi-function display (MFD). In this version, the viewing point for
the terrain depiction, ownship, and perspective courseline was above, behind, and slightly to the right of ownship.
Depictions of the terrain, however, were similar except for coloration.

Procedure

Potential participants were contacted by telephone, and the intent of the proposed interview, to occur at a later
date, was explained. Participants were informed that they would be compensated for their time, although the major-
ity who participated indicated a willingness to do so whether they were or were not compensated. For those who
agreed to participate, a copy of the proposed interview questions was sent to them via e-mail so that they could for-
mulate complete and accurate responses (particularly regarding flight experience and logged hours) in advance of
the interview. A date and time was then determined for the interview, and the participant was telephoned at the ap-
pointed time. Responses were recorded by the interviewer for each of the various questions, as well as the docu-
mentation of unsolicited commentary not fitting within the context of one of the specific questions.

RESULTS
45 433 )
400 Terrain
Z I e il B System 1| - - . .
O System 2 Interviewees were asked about what types of terrain
®roo) o w7 T ] were flown over, by percentage, when using the SVS.

******************* Figure 1 shows the distribution of flight time by cate-
77777777 B gory of over-flown terrain for each system. Interest-
777777777777777777777 ingly, the smaller sample using System 2 spent more
time flying over desert and mountainous terrain than did
those using System 1, and the System 1 users spent more
time flying over low hills than did the System 2 users.
;29— Both had a large proportion of time spent flying over
; B L largely flat terrain where the benefits of the terrain de-

Mean % Time Flying Over Terrain Type Using SVS

o N & S 5 ® piction would be minimal.
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Figure 1. Mean percentage of time using display by terrain type being flown over for Systems 1 and 2.
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IHllumination/Weather

The participants were asked what percentage of time they flew in various illumination and lighting conditions.
Figure 2 summarizes the data for each system. In each case, the system was used predominantly in day Visual Me-
teorological Conditions (VMC). System 1 operators used their system more in night VMC than did System 2 opera-
tors (6.7% as compared with 1.7%), and they also used their system more in day Instrument Meteorological Condi-
tions (IMC) (8.6% versus 1%), but less in night IMC (1.6% versus 4%). One should keep in mind that System 1
provided the heading-oriented out-the-window analog and could provide HITS guidance, with this combination
likely to influence use. However, the small sample size makes it impossible to say too much concerning the differ-
ences.
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Day VMC Night VMC Special VFR Day IMC Night IMC

Illumination/Weather Classifications

Figure 2. Percentage of time spent in various weather/illumination conditions for System 1 and System 2.
Altitude Brackets

The participants were also asked at what altitudes they flew most during cruise flight with the SVS. Figure 3
presents the data for each group. It is interesting that one sees a dichotomous distribution of altitudes with about a
quarter of the flights using each system occurring between 300 and 3000 feet AGL. The rest, however, were at or
above 10,000 feet MSL (57% for System 1 and 76% for System 2). These display systems are most useful close to
the terrain or near significant terrain features, so much of the cruise flight indicated by these users would not be in
close proximity to terrain, with the exception of high mountain peaks.
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| System 1

1o System 2
50 f —— - ——m e m
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Mean % of Cruise Flight Time
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300-3000 AGL 3K -6K MSL 6K -10KMSL 10K -15K MSL > 15K MSL
Altitude Bracket (ft)

Figure 3. Altitudes most often used for cruise flight for System 1 and System 2 users.
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Phases of Flight

General system use. The next series of questions asked system users how often they used the SVS during various
phases of flight. Figures 4 and 5 depict the percentage of each group of system users that categorized their use of
the display system during the listed phases of flight by each of the listed frequencies (“always,” “often,” “some-
times,” or “never”). Combining two categories, “always” and “often”, to serve as an index of frequent use, 71% of
the System 1 users indicated that they used the SV display frequently during climb, 86% used it frequently during
cruise/enroute, 86% used it frequently during descent phases, and 100% “always” used it during approach. While
there were smaller values (Figure 4) for “sometimes” use, it should be noted that no System 1 pilot reported “never”
using it. If we combine the same two categories for System 2 as a frequent-use indication, the values are slightly
different in that frequent use during climb was reported by 67%, frequent use during cruise/enroute was reported by
33%, frequent use during descent was reported by 67%, and frequent use (“always”) during approach was reported
by 67%. It is clear for both systems that the most frequent use in any phase of flight is during approach. It should
be pointed out that some of the differences between the uses of the two systems are likely due to the majority of Sys-
tem 2 users having experience with the exocentric-view version of that system on the MFD as opposed to the ego-
centric-view presentation on the PFD in System 1.
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during cruise/enroute (71% “al-
ways”), 71% frequently selected it
during descent, and 86% fre-
quently (“always” in this case)
selected the HITS on approach (see
Figure 6). Thus, HITS guidance
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abled for all phases of flight using
this system.

50 -

40 -

30 A

20 +

Percentage of Respondents Reporting Use at
This Frequency

Climb Cruise/Enroute Descent Approach
Phase of Flight

Figure 6. Frequency of use of System 1 HITS by phase of flight.
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Most Useful Functions

Pilots were asked to indicate which 4 system/display features they considered to be the most useful. This was
followed by the inverse question, which were the 4 least useful or distracting features. Finally, the pilots were asked
what features they would like to see implemented that were not available at that time. Table 2 presents the items,
along with the frequency of mention. Items mentioned with a high frequency are paired with an “n” indicating the
size of the sample to which the item has relevance.

Table 2. Frequency of mention of (1) most useful features, (2) least useful features, and (3) desired features.

Most useful features Least useful features Desired features

Feature Mentions | Feature Mentions Features Mentions

Terrain depiction / warn- 10 (of 10) | Terrain turns off at 1 Egocentric view 1

ing / color coding extreme bank

Highway in the sky 6 (of 7) Too many button 1 Turn coordinator 1
presses

Off-level bank indication 1 HITS chasing in IFR 1 Match Garmin database 1

Velocity vector 1 Small symbology 1 Runway 1

Altitude/Airspeed on PFD 1 Difficulty loading 1 TCAS targets 1
approaches

Nearby airports 1 More terrain realism 1

Winds aloft 1 Combine with FLIR 1

Descent rate 1 Sensor inset 1

Easy visual scan 1 Remaining runway indication. 1

Grid on terrain 1

Flight path on MFD 1

Digital pitch readout 1

Radar altimeter 1

Runway depiction 1

Airport map 1

It is clear that the terrain-related features and the HITS were the most universally valuable to users of these systems.
Other items were less universally useful but received mention by one or another individual pilot. Two pilots men-
tioned sensor-image (e.g., FLIR) insets as a desirable feature. This approach is being incorporated into other sys-
tems recently fielded or introduced for certification.

Available Training

Training used. Interviewees were asked what training was available for the system they were using and which
types of training they had used. In a follow-up question, they were asked about particular strengths and weaknesses
of the training they used. For System 1, all of the respondents indicated they had used the handbook, 5 of the 7 said
that they used DVD or videotaped instructions, 2 used embedded (in the device) simulation, and 1 each used in-
aircraft training, computer-based instruction, and classroom instruction (the latter indicated a preference for an inde-
pendently offered course that he felt was superior to the one offered by the manufacturer; it was noted that class-
room instruction had to be paid for). For System 2, 2 of the 3 pilots said they used the handbook, 1 used computer-
based instruction, and 1 also received classroom instruction. Although the pilots using System 2 indicated that re-
corded-media training was available, none of them had used it. Across these 2 systems, then, the most widely used
training aid was the pilot’s operating handbook (90%), followed closely by recorded media (50%). In a tie for third
place were embedded simulation training (20%) and computer-base instruction (20%).

Training strengths and weaknesses. Regarding perceived strengths of the available training, 2 System 1 pilots
rated the DVD-based instruction highly. One favored an independently authored short book on using the system.
Of the System 2 users who commented, 1 thought the 1-hour course did a good job of covering system operation,
and the other favored the handbook. Perceived weaknesses in the System 1 training mentioned included 2 refer-
ences to the need for a software simulator independent of the device or simulator training, 2 references to a need for
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interactive training using the device (interactive tools), and two references to the handbook (too lengthy; too difficult
to understand in isolation from the actual hardware).

Operations Now Possible with System

The participants were also asked what operations they believed they could now perform legally with the SVS that
they could not perform before and, additionally, what might be possible technically but was not approved operation-
ally. In the first instance, there were multiple references to low-level, low-visibility terrain avoidance and ap-
proaches and Category II - and even Category III - approaches/landings. For “all things possible” but not as yet
approved, the pilots mentioned all-weather operations, low-level IMC in mountainous terrain, credit for IFR ap-
proaches into airports without published approaches, lowered approach minimums, approaches using HITS without
an ILS on site, and Categories II and III approaches/landings.

Reliability / Accuracy / Safety

Finally, the pilots were asked to rate their SVS for reliability/accuracy and overall safety (poor = 1, below aver-
age = 2, above average = 3, and excellent = 4). The mean ratings were: System 1 — reliability/accuracy = 3.83,
overall safety = 4; System 2 — reliability/accuracy = 4, overall safety = 3.67. Those individuals using System 1 were
also asked to rate the HITS in the same way: reliability/accuracy = 4, overall safety = 4. Thus, the users of these
systems perceived them as providing high levels of reliability and accuracy, as well as being very safe.

CONCLUSIONS

It is clear that the features making these systems unique, as compared with other flight displays, namely a per-
spective view depicting terrain and some form of pictorial guidance, are the ones that users of the systems found
most useful and appealing. While it may seem discouraging that the systems are being used predominantly in day
VMC when they could be used beneficially in other situations, the frequency-of-use data should be tempered by the
proportion of time pilots are exposed to actual IMC. However, the systems were being used extensively in descent
and on approach, phases of flight where they can make significant contributions to flight safety. Additionally, it
should be viewed as positive that the systems are being used, with what many of the interviewees reported as reduc-
tions in workload when compared with more conventional instrumentation systems.
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THE EFFECT OF VIDEO WEATHER TRAINING PRODUCTS ON
GENERAL AVIATION PILOTS’ FLIGHT BEHAVIOR
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Michael Lenz
FAA Headquarters, Washington, DC, USA

This study examined the effect of video weather training products on general aviation (GA)
pilot flight behavior.

Fifty pilots participated. Training products were two popular GA weather training videos, plus
a non-weather video as control. Pilots watched one video. Then, in the CAMI flight simulator,
they flew a challenging 1.5-h visual flight rules (VFR) mission. Along the route, terrain rose
slowly, with cloud bases squeezing pilots between ground and clouds.

The control group penetrated significantly farther into the deteriorating weather. Otherwise,
no significant safety differences were observed for time spent in instrument meteorological condi-
tions (IMC), time scud running, or time below 500’ ground clearance. Neither instrument rating
nor locality of pilot residence appeared to affect these safety variables.

Flight behavior—complete penetration of the weather versus diverting—could be predicted
for 80% of pilots, using a model with training product + initial takeoff hesitation + pilot age.

The term “adverse weather” involves multiple factors such as restricted visibility due to low cloud ceilings, fog,
rain, snow, thunderstorms, or airframe icing. Adverse weather is a perennial concern to GA. Analyses of GA acci-
dents from the 1970s-2000s show that, despite a relatively low incidence rate for weather-related accidents (4-5%,
depending on data source and classification scheme), their fatality rate is 3-4 times higher than for other GA acci-
dent causes (Bazargan, 2005; Bud, Mengert, Ransom, & Stearns, 1997; NTSB, 1989; NTSB, 2005). This is largely
because weather accidents often involve flight into terrain or loss of control, which typically kills all onboard.

Civil Aerospace Medical Institute (CAMI) researchers were tasked to explore whether video weather training
products significantly affect pilot flight behavior in instrument meteorological conditions (IMC). The research was
conducted in two phases. Phase 1 examined data collected from January to July, 2008.

Method
Weather training products/control materials.

Learning theories fall into 3 categories: behaviorism, cognitivism, and constructivism. Because behaviorist
training methods arguably apply best to procedural tasks, one cognitivist and one constructivist training product
were selected.

Cognitivism focus on brain functions, particularly memory and information processing, suggesting that brains
may functionally resemble computers, processing inputs to produce outputs (Waltz & Feldman, 1988). Whereas,
constructivism expands on the computer metaphor, elevating cognition from a straightforward “information vector-
transformation” role to a somewhat richer “construction of an inner world” (von Glasersfeld, 1995). This “inner
world” involves an organized set of mental representations of external objects, relations, and interactions.

Two well-known video weather training products were selected. Product 1 constituted the “constructivist prod-
uct.” It focused mainly on the aeronautical decision making aspects of weather flight. It offered systematic, mne-
monic risk factor checklists applicable to specific factors such as the weather in question, internal pilot factors af-
fecting performance (e.g., skill, health, fatigue), and factors external to the pilot that could affect risk-taking (e.g.,
passengers needing to arrive at their destination by a certain time). After each video lecture session, it presented hy-
pothetical flight scenarios for students to evaluate, based on the lecture content presented so far.

Product 2 constituted the “cognitive product.” This focused largely on the recognition of different cloud types,
visibility conditions, horizon recognition, and terrain clearance. Exercises showed still pictures of weather situations
as seen aloft, asking what recognition factors were problematic, and for go/no-go decisions on VFR flight.

The third video group—the Control group—received an FAA-produced video on aviation physiology, having
nothing whatsoever to do with weather.
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Research design

Table 1 depicts the basic design. Training product, instrument rating, and pilot’s state of residence were primary
independent variables; age and flight hours were secondary. This gave a 3x2x2 between-groups design with 12
treatment cells, >4 Ss per cell. Cells were equilibrated for age and flight hours during pilot assignment to treatments.

Table 1. Experimental structure.
Independent variables (IV) Dependent variables (DV)
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Participants

Following IRB approval, 50 GA pilot volunteers participated, providing informed consent. Mean age was 41.0
(median = 39, SD = 17.5), mean flight hours was 1314 (median = 268, SD=2709).

Local pilots (those currently living in Oklahoma) were recruited from a list of pilots having participated in pre-
vious studies and by placing fliers in local flight schools. Non-local pilots were recruited through an advertisement
in Flying magazine.

Advanced General Aviation Research Simulator (AGARS)

AGARS is a real-time, fixed-based GA flight simulator configured as a Piper Malibu for this study. A high-
resolution visual system and a 150° field of view allow precise presentation of meteorological conditions. AGARS
captures up to 150 variables continuously at 30Hz for a four-hour mission and includes up to 85 programmable non-
routine events. It utilizes an experimenter operating station (EOS) and an ATC workstation. During a flight sce-
nario, EOS allows the experimenter to visually monitor the cockpit and simulation environment. A digital camera
records the cockpit, as well as pilot, ATC, and experimenter communications onto a stand-alone digital video re-
corder.

Flight mission

Pilots planned a VFR flight from Amarillo, TX (AMA), to Albuquerque, NM (ABQ)—approximately 90 min-
utes in the Malibu at high-speed cruise. They were instructed to plan with two cockpit VORs (VHF OmniRange
Navigation System), an ADF (Automatic Direction Finder), with access to in-flight Automated Weather Observing
System (AWOS) weather updates. A data-collecting Web-based weather emulation of www.aviationweather.gov
was written by the experimenters and made available for preflight planning (Figure 1). After preflight, a 15-minute
break was given to each pilot. Subsequently, a 30-40-minute training session with AGARS was given, including
autopilot, horizontal situation indicator (HSI), and Malibu flight parameters and characteristics (e.g., maximum/stall
speeds, associated power settings).

The assigned route consisted of gradually rising terrain during the first two thirds of the flight, followed by a
dramatic elevation change during the last one third. During the flight, pilots experienced deteriorating VFR weather
conditions. Initially, visibility was set at 8 nm and was gradually decreased to 5 nm two thirds of the way along the
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route. Concomitantly, cloud ceilings were lowered from 4500 feet AGL to 3500 AGL across the same terrain. As a
result, ceilings gradually squeezed the pilots closer to the ground, resulting in a potentially dangerous flying situa-
tion with hazardous encounters throughout the course of the flight.

Figure 1. Sample screenshot from the Web-based emulation of www.aviationweather.gov.
Results

Flight duration was the only DV to satisfy the Kolmogorov-Smirnov normality test. Therefore, most analyses
were done using non-parametric statistics. Table 2 shows key correlations (2-tailed p-values are in parentheses).

Table 2. Correlations between key variables.
Variable 2
] \ e To
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£ T =g =3
Instrument Rating 1.0
State of Residence ° 1.0
Pilot Age .523" (.0001) ’ 1.0
Pilot Flight Hours 401" (.004) ° .757 (<.001) 1.0
Flight Duration -.039 .042 -.423 (.002) |-.270 1.0
Minimum Dist to ABQ |.013 .013 422 (.002) |.303 (.032) |-.936 (<.001) 1.0
Minutes scud running |-.013 -.012 .051 107 .013 -.042 1.0
Minutes in IMC -.020 -.005 -.089 -.084 .028 -.035 .676 (<.001)| 1.0
Minutes < 500° AGL  |-.281 (.048) | .144 -.167 -.289 (.041) [.379 (.007) |-.384 (.006) |-.095 -.174
1r,,b = Point-biserial correlation; °r; = Spearman rho correlation; Low p-values are in parentheses (all others are non-
significant (NS)); ® No correlation run because sample had been partitioned for these factors. All p-values are 2-tailed.

Trivial correlations are discussed first (highlighted light gray). Older pilots were more likely to be instrument
rated and to have more flight hours. Pilots with high flight hours were more likely to be instrument rated. Flight
duration x minimum distance to ABQ (7, = -.936) merely shows that the longer pilots flew, the more likely they
were to get close to ABQ. Minutes scud running x minutes in IMC (r, = .676) turned out to be partially a complex-
but-trivial side effect of the way scud running was defined.

Other correlations (medium gray) are non-trivial. Instrument-rated pilots spent slightly less time too close to
the ground (<500° AGL, r,,= -.281)—one indicator of potential hazard. Higher flight-hour pilots also spent less
time too close to the ground (7, = -.289) and tended to stay farther away from ABQ (r, = .303), reflecting an incli-
nation to divert before completing the flight.

Finally, four significant and meaningful correlations (dark gray, boldface) show older pilots tending to have
shorter flights (r, = -.423, .422, respectively). Effect size (+*) was about 18%. Ground clearance was also better-
maintained on shorter flights (r, = .379, -.3 84, respectively), capturing the flight scenario’s tendency to “squeeze”
pilots between clouds and terrain near ABQ.
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Takeoff hesitancy

Pilots were told that the best way to give good flight data was to treat this mission as if it were a real flight.
Given those instructions, 12 of the 50 pilots initially stated that, having to fly this mission VFR, they would choose
to not even take off. This was perhaps predictable, given the weather plus the fact of being scrutinized by FAA offi-
cials at an FAA facility. Therefore, to overcome any reservations they might have about being scrutinized, pilots
who hesitated taking off were explicitly asked to do so and fly at least briefly. All complied.

Locality of pilot residence had no significant effect on takeoff hesitancy—18% of local (Oklahoma) pilots hesi-
tated versus 32% of non-local (non-Oklahoma) pilots (2-tailed px2 = .251, NS). Neither did instrument rating predict
hesitancy (15% for instrument rated v. 33% for non-instrument rated, 2-tailed pxz = .138, NS). Finally, despite the
confidence often associated with experience, neither age nor flight hours seemed to affect hesitancy (2-tailed Mann-
Whitney U, py =.146, .625 respectively, NS). Overall, the cause of takeoff hesitancy appeared mysterious.

Effect of the weather training products on takeoff hesitancy. Hesitancy could have been caused by the weather
training products. Table 3 shows the numbers of pilots who initially hesitated versus values expected by chance (in
parentheses). The Yates-corrected p,” is .034, implying that the training groups differ. However, a statistical caveat
clouded the results: Half the cells had expected frequencies < 5, violating the 20% convention. Given that caveat, if’
this were indeed a reliable effect, pairwise tests of odds-ratios implied that the unusual group was the Control, where
17 of 18 pilots showed no hesitancy to take off.

Table 3. Takeoff hesitancy.

TrgProd1 | Trg Prod 2 Control
Yes 11 (11.3) 9(12.1) 17 (13.6)

Initial takeoff decision

No 4 (3.7) 7 (3.9) 1(4.4)

<+“—— 152 —»
Pairwise odds-ratios, 1-tailed p | «— 004—>
< .037 —>

In other words, studying a weather training product may have made pilots more hesitant to take off into deterio-
rating weather. However, cognitive priming is an alternate hypothesis, and will be revisited in the Discussion sec-
tion.

Effect of takeoff hesitancy on subsequent flight safety. The 12 hesitators did not fly demonstrably safer than the
remaining 38 pilots. There were no significant differences between hesitators and non-hesitators for minutes spent in
IMC, minutes scud running, or minutes < 500 AGL (2-tailed Mann-Whitney p, = .102, .147, .498 respectively, all
NS). However, hesitators did seem to continue their conservatism into their flight, making significantly briefer
flights (py = .002), with consequently less penetration into the marginal weather close to ABQ (py <.001).

Net effect of the weather training products on subsequent flight safety. Did viewing a weather training product
affect flight safety? Some signs point to yes, some to no.

The Control group showed significantly less takeoff hesitancy. It also displayed greater flight duration and, con-
sequently, lower minimum distance to ABQ (Kruskal-Wallis pgy = .007, .005 respectively). Follow-up pairwise
Mann-Whitney U tests implied that the Control group was significantly different from both weather training prod-
ucts (pu.rrai1 » contror = 011, .004 respectively and py.rreg2 x contror = 004, .005 respectively), although the two
weather products themselves did not significantly differ (p, = .867, 1.0 respectively, NS).

Now—because the maximum hazard of this flight lay near the destination—we might be tempted to conclude
that the longer flights of the Control group should predict greater risk exposure. However, no significant overall dif-
ferences were found between the three training groups for subsequent minutes spent in IMC, minutes scud running,
or minutes < 500 AGL (pxw = .245, .158, .812 respectively, all NS). Even though the Control group showed less
hesitancy and longer flight duration, and even though longer flight duration correlated significantly with minutes <
500° AGL, the net effect of the weather training videos on subsequent flight safety seemed nonsignificant.

So, how can there be no significant differences in flight safety between the three training groups? If seeing the
weather training video related to takeoff hesitancy, and takeoff hesitancy related to flight duration, and flight dura-
tion related to minutes spent < 500 AGL—how could weather video not relate to minutes spent < 500 AGL?

The answer lies in the nature of causation versus correlation. If each factor perfectly caused the next factor in
the chain, then the first factor would perfectly predict the last. In symbolic logic, A = B (A implies B), and so on, so
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A = B = C = D, therefore A = D. This is easy to see in a Venn diagram (Figure 2a). But, if each factor only par-
tially predicts the next factor, then the overall relational strength between the first and last factors can theoretically
be zero (Figure 2).

Figure 2. a) Venn diagram embodying causation A = B = C = D; b) Venn diagram embodying correlation A rap
B I'pc C I'cp D.

Modeling the effect of training videos on flight behavior

When simple correlational models fail to explain effects, we turn to multivariate modeling. Here, cluster analy-
sis and binomial logistic regression were used to generate models capable of explaining these pilots’ flight behavior.
Specifically, we wanted to predict if pilots would risk flying completely through the deteriorating weather (DV = 7o
ABQ = 1/Yes or 0/No). Table 4 summarizes the smallest set of variables capable of doing that reliably.

Table 4. Binary logistic regression for To ABQ

B Pi term removed
Age | - 0.081 .002
TO decision | -21.20 .016
Control
TrgProd1 | - 3.08 .006
TrgProd2 | -2.53
Constant 4.64

Nagelkerke R”= .594

Here, Takeoff Decision reflects “takeoff hesitancy,” as discussed earlier. The training product is broken out into
its three groups. Negative B-weights mean that a positive value for the independent variable subsequently related to
a reduced groupwise tendency to fly all the way to ABQ. For example, pilots hesitant to take off (TO Decision = 1)
subsequently showed a reduced tendency to fly all the way to ABQ. Similarly, pilots receiving either weather train-
ing product subsequently showed reduced tendency to fly all the way to ABQ, compared to the Control group.

In practical terms, this is a moderately strong model, accounting for 64.0% of the explainable variance in the
data. It implies that pilot experience (flight hours) may work in combination with an instinctive reaction to a weather
situation and a training video to affect ultimate continuation into adverse weather. This elaborates somewhat on the
conclusion reached earlier about training product, so we will revisit that theme in the Discussion section.

Table 5 compares the prediction success rate for completed flight to ABQ made by logistic regression (bold-
face) versus cluster analysis (italics, in parentheses). Grey cells represent successful predictions.

Table 5. Success rate for binary logistic regression versus (cluster analysis)
Predicted To ABQ
Observed To ABQ Did not make it to ABQ Made it to ABQ % correct
Did not make it to ABQ 26 (27) 4(4) 86.7 (87.1)
Made it to ABQ 4(0) 14 (16) 77.8 (81.3)
Overall % correct Base logistic prediction rate = 62.5% 83.3 (91.5)

This shows that a simplified logistic model containing only pilot age, initial takeoff decision, and training prod-
uct correctly predicted 83% of these pilots’ overall decisions whether or not to fly through the deteriorating weather
all the way to ABQ.
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Overall, this three-variable model produced a gain of about 21% from the base rate predicted by a constant only
(62.5%). Compare this to the eight-variable cluster model (not shown) correct predictions of 91.5%, versus a “com-
plete” 15-variable logistic regression (not shown) where 100% of all cases were predicted correctly. However, note
that the “complete” model was vastly overfitted, meaning it contained too many predictors, given the number of
cases.

Discussion

Assessing the influence of a video weather training product on GA flight behavior turns out to be a subtle task.
If we try to demonstrate statistically significant direct training product effects on hazardous-flight variables, we can
claim none. However, if we examine fakeoff hesitancy in the face of marginal cloud ceiling and visibility at the des-
tination, we see greater average hesitancy in the two training product groups than in the control group. Pilots who
hesitate tend to continue this conservativism into the flight, showing a greater tendency to divert to an alternate,
rather than continuing on into deteriorating weather. So, there is a temptation to think that training product—takeoff
hesitancy—shorter flight—lower risk exposure.

However, things are not quite that simple. First, training product does not directly correlate highly with hazard-
ous flight variables. Second, takeoff hesitancy could reflect nothing more than artificial conservatism induced by the
presence of FAA experimenters at an FAA testing facility. Pilots receiving the training video may merely have been
primed to know that the experiment was about weather and may have simply given the experimenters the initial be-
havior they thought the experimenters wanted, namely, a conservative response to a weather situation.

The situation brightens when we model pilots who made it all the way through the weather versus those who
diverted to an alternate. In that case, we can predict how about 80% of pilots will behave, based on nothing more
than whether they received a training product, whether they hesitated to take off, and their total flight hours. This
may imply that video weather training products “bring out the conservative” in some pilots, but less so in others.

However, we should stop short of making either extreme claim—that these products have either no effect, or
some definite positive effect. In fact, the entire question is analogous to building a house. A single brick, no matter
how well-crafted, will not suffice to build an entire house. In other words, weather is a complicated subject. No mat-
ter how good any given chapter is, we need to read the entire book.

Phase 2 of this study revisited the flight behavior of these same pilots after of a time lapse of several months.
The data are currently being analyzed, to be reported shortly. If flight behavior of the experimental pilots regresses
to the mean, then we can more strongly assume that cognitive priming was operating and that measuring hazardous
weather flight in simulo is an even more challenging task than we already know it is.

Acknowledgments

The authors gratefully acknowledge Tammy Harris (FAA), and Janine King, Sally Glasgow, and Suzanne Tho-
mas (Xyant Technology). Special thanks go to the pilots, without whom this study would have been impossible.

References

Bazargan, M. (2005). Analysis of national top 10 first causes of fatal accidents of general aviation between 1983 and 2002. Part 1-
national-all aircraft types. (Technical Report 61022). Daytona Beach, FL: Embry-Riddle Aeronautical University, Center
for General Aviation Research.

Bud, M.J., Mengert, P., Ransom, S.,& Stearns, M.D. (1997). General aviation accidents, 1983-1994: Identification of factors re-
lated to controlled flight into terrain (CFIT) accidents. (Technical Report DOT/FAA/AAR 100-97-2). Washington, DC:
Federal Aviation Administration, Office of Aviation Research.

NTSB. (1989). Safety report: General aviation accidents involving visual flight rules flight into instrument meteorological condi-
tions (Technical Report NTSB/SR-89/01). Washington, DC: National Transportation Safety Board.

NTSB. (2005). Risk factors associated with weather-related general aviation accidents (Technical Report NTSB/SS-05/01).
Washington, DC: National Transportation Safety Board.

von Glasersfeld, E. (1995). Radical constructivism: A way of knowing and learning. London: Falmer Press.

Waltz, D. & Feldman, J.A. (1988). Connectionist models and their implications. Readings from cognitive science. Norwood, NJ:
Ablex.

141



CONSTRUCTING ACCURATE AND PRECISE TIMELINES FOR MAJOR AVIATION
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A clear, precise, and accepted description of what happened in an accident is a
necessary first step in understanding why an accident happened. Although
timelines are routinely used in accident investigations, constructing an accurate
and precise one can be difficult. Large volumes of information must be correlated
to a common time base, and the significance of events can change as the
investigation develops. This paper describes the development of a timeline
application to help overcome the difficulties associated with accident timelines.
Development has emphasized interactive capabilities that allow users to manage
the content and format how evidence related to the accident sequence is
presented. The paper concludes with a discussion about how accident timelines
can enhance communication and information access.

Timelines are routinely used in accident investigations to establish what happened in the
accident, a necessary first step in determining why the accident happened. Their value lies in the
identification of critical events, issues, and relevant evidence, especially in the early stages of the
investigation. As the investigation develops and additional information is uncovered, more detail
about the events and underlying conditions can be included on the timeline.

In addition, a timeline can be used to show the juxtaposition of events and underlying
conditions that explain what happened in the accident. Recognizing the relevant relationships
from events and information may point to causal and contributing factors and shape the direction
of the investigation. In this way, accident timelines help bridge the gap between what happened
in an accident and why it happened.

Despite such added value, constructing an accurate and precise depiction of critical
events in a major aviation accident can be difficult. Investigators must correlate large volumes of
information from numerous sources to a common time base, and the significance of particular
events often changes as the investigation develops and new information becomes available. As a
result, the selection of critical events from the complete set of available information and a
meaningful presentation of those events can be a challenge. To overcome these challenges, the
National Transportation Safety Board (NTSB) developed the Accident Critical Events Sequence
(ACES) timeline application as a user-centered timeline application to support major aviation
accident investigations.

The purpose of this paper is to describe the development and implementation of ACES,
and show how it displays the sequence of events leading to an accident and gives investigators
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rapid access to related information. The paper begins by pointing to aspects of investigative
activity that make constructing the sequence of events leading to an accident difficult. The
discussion then turns to the motivation to develop ACES to overcome these challenges. The
paper concludes with a discussion of effective areas of ACES implementation in ongoing
investigations.

ACES is being developed as part of a larger NTSB effort to evaluate ways to improve the
management of a major accident investigation. The Principal Issues Management Model (PIMM)
being used by the NTSB focuses on managing principal issues, which are defined as significant
aspects of an accident that directly relate to the factors underlying events and actions that
occurred (Coury, et. al., 2008). Briefly, principal issues comprise the hypotheses or questions
that the investigation must answer. Principal issues arise as the investigation progresses, and may
require intensive efforts by multiple, interdependent investigative groups to gather evidence to
answer questions raised by these issues. Because many of the questions associated with principal
issues concern the chronological sequence of accident events, an accident timeline is essential.
ACES is being developed to display critical events and related information, to provide a way to
manage information from specific investigative tasks, and to communicate important time-
related information to the entire investigative team.

The initial development of ACES drew upon other efforts to develop accident timelines.
For instance, Events and Causal Factors Charting is employed by the United States Department
of Energy to represent the multiple events and underlying conditions that contribute to the
occurrence of an accident (DOE, 1999). The Transportation Safety Board of Canada uses a
similar method—a Sequence of Events and Underlying Factors Diagram—to document the
sequence of events leading to an accident (Ayeko, 2002). Finally, Sequential Timed Events
Plotting (STEP) is an investigative methodology based on a multi-linear display that shows how
events interact to produce an accident (Hendrick and Benner, 1987). Although ACES has some
of the same characteristics as these other types of timelines, it is unique in its ability to depict,
integrate, and display events and time-related data from multiple sources. The specific
investigative challenges considered during the development of ACES are discussed in the next
section.

ACES

NTSB has developed the ACES timeline application to help investigators depict and
describe the sequence of events leading to an accident. Currently, ACES is a prototype built on
Microsoft Excel 2003. Early development centered on establishing the functional requirements
of the application based on the needs of the individual investigator and the investigative team.
Updates and modifications to ACES relied on data collected through interviews with NTSB
investigators, through usability testing, and through the observation of ongoing investigations to
identify the specific investigative challenges that ACES should address, as described below.

First, NTSB investigators spend a significant amount of time and energy identifying what

happened in an accident. This understanding forms the basis for determining the causal and
contributing factors that explain why the accident happened and the actions necessary to prevent
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its recurrence. However, the management and analysis of information available to reach these
conclusions can be overwhelming and presenting it in a way that is digestible can be difficult.

Second, because accurate and reliable timing is fundamental to a useful depiction of the
sequence of events in an accident, careful correlation of all of the times used for data derived
from event recorders [for example, the cockpit voice recorder (CVR) and flight data recorder
(FDR)] is necessary. This correlation requires specialized knowledge and understanding of the
timing involved in relevant systems.

Third, NTSB investigators focus on collecting evidence related to their fields of
expertise, and there is a need for a centralized repository where diverse event-related evidence
from each of the investigative groups can be displayed. Such an integrated depiction would help
investigators identify issues requiring further investigation and help establish the relationship of
events from different functional areas. In addition, the precision and relevance of time-stamped
data can change over the course of the investigation, and these changes must be verified and
communicated to the entire investigative team to ensure a shared understanding of accident
events.

To overcome these challenges, ACES development has emphasized interactive
capabilities that allow users to easily add, remove, and modify information to generate timelines
that meet both individual and group needs:

= Users can customize how much detail is presented.

= Presentation options allow users to view events from different information sources that
overlap, interact, or occur at the same time.

= Events and parameter data are color-coded so that different types of information can be easily
distinguished from each other.

= External files from documents, pictures, and records can be linked to timeline events to
provide access to more detail without cluttering the display.

* Finally, the synchronization of different time sources can be easily defined and updated.

The ways in which ACES manages the content and format of information presented to
the user is expected to help overcome the challenges to constructing accident timelines and
provide a mechanism to enhance communication and information access among interdependent
investigative groups. ACES is also a repository where diverse, event-related evidence can be
displayed in one place. The section below describes how accident data are used to generate an
accident timeline on the ACES Graphical Display.

ACES Graphical Display

ACES works with text-based event data and numeric parameter data. Users enter these
data types on individual worksheets within an Excel workbook that have been designated for that
information source. Ultimately, these data are integrated into the accident timeline on the ACES
Graphical Display as vertical text boxes and time-history plots, respectively. An example of the
ACES Graphical Display is presented in Figure 1.
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Figure 1. Example of ACES Graphical Display illustrating events from the NTSB investigation
of American Airlines Flight 587 (NTSB, 2004).

The horizontal axis represents the master time for the investigation. Time runs from left
to right and text-based events are printed vertically underneath the times when they occurred.
Optional time-history plots of parameter data appear on the vertical axis and are intersected by
lines dropping from the times corresponding to the text-based events. To the left of the timeline
is the user interface, where investigators can manipulate the displayed time range, the scale of
the horizontal axis relative to physical screen space, and other display settings. Finally, the sheet
tabs located at the bottom of the screen allow users to navigate between each information source,
a master sheet that amalgamates all of this information in a tabular format, and the ACES
Graphical Display.

The information used to generate the accident timeline presented above was derived from
the air traffic control (ATC) transcript, CVR, and FDR and was correlated to a common time-
base. Additional information from weather reporting facilities, pre-flight maintenance logs,
dispatch logs from emergency responders, training records, witness interviews, etc., can be
incorporated on the accident timeline as well. ACES’ ability to manage this diverse event-related
evidence is described below.
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Effective Areas

The evaluation of ACES during several ongoing aviation accident investigations indicates
it is an effective investigative resource. ACES has been found to be most useful in three areas:

1. Documentation and illustration of what happened in an accident
2. Support of collaborative investigative decision-making and problem-solving
3. Resolution of time discrepancies from multiple time-stamped data sources

The first area is critical for any accident investigation. A clear, accurate, and accepted
description of what happened in an accident is a necessary first step in understanding why the
accident happened. For example, the identification of an event may prompt accident investigators
to recognize the relationships among other events in the accident sequence, support conclusions
made about other issues, or ask new questions that otherwise may have been delayed or
overlooked. ACES effectively documents, catalogs, and illustrates what happened in an accident.

The second area results from the complexity of an accident investigation and the need for
input from many individuals, representing different areas of expertise, to find solutions to
problems and make sound decisions. For instance, determining the configuration of an aircraft
during landing may require evidence from the Operations Group to determine if the aircrew
configured the airplane properly, evidence from the Vehicle Performance Group to determine the
airplane’s behavior, and evidence from the Human Performance Group to determine the effect of
task complexity on crew resource management. This example highlights the interdependencies
between investigative groups and underscores the importance of providing investigators with
rapid access to evidence related to critical events at any point in the investigative process. ACES
provides the capability for diverse event-related evidence to be displayed in one place and
manipulated so that investigators can see the relevant relationships.

The third area relates to the synchronization of time-stamped data sources. The time
bases underlying information from event recorders, radar data, witness statements, and other
sources of time-related data are generally not synchronized and can vary in accuracy. However,
building a precise depiction about what happened in an accident depends on the accurate
placement of events in relation to one another. Consequently, synchronizing time-stamped data
from multiple sources is of paramount importance. An accident timeline provides a mechanism
for merging all the “clocks” from different information sources and synchronizing them to a
master time. ACES performs this synchronization and presents an integrated timeline of events
referenced to a common master time.

It is also worth mentioning that the initial development and implementation of ACES
assumed that the application would be centrally managed by a single individual, with
investigators working with that person to obtain necessary data plots and timelines. Development
of ACES has changed course as a result of the ongoing evaluation to move the application in the
direction of a stand-alone tool that can be used by investigators to create their own data plots and
timelines. For instance, a user’s manual and training modules were developed to accompany and
provide guidance in the use of the application.
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Conclusion

ACES was developed to help organize, present, and communicate factual information
relating to the accident sequence to the entire investigative team. ACES clearly conveys the
sequence of events leading to an accident and enables investigators to customize the content and
format of information to meet both individual and group needs. Currently, ACES allows users to
select subsets of accident data and synchronize time-stamped data from different information
sources.

ACES is a new approach for constructing accident timelines and its potential to support
investigative activity as part of PIMM will continue to be evaluated. This paper has addressed
specific investigative needs that must be considered when constructing an accident timeline and
discussed the ways in which ACES has demonstrated its value as an investigative resource.
Future research is planned to determine the steps necessary to fully integrate ACES into the
accident investigation process.
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Two separate logistic regression analyses were conducted for low- and high-altitude sectors to
determine whether a set of dynamic sector characteristics variables could reliably discriminate
between operational error (OE) and routine operation (RO) traffic samples. Dynamic sector
characteristics submitted as predictors were: Average Control Duration, Number of Handoffs,
Number of Heading Changes, Number of Intersecting Flight Paths, Number of Point Outs, and
Number of Transitioning Aircraft. In the low-altitude sector model, the Number of Intersecting
Flight Paths, the Number of Point Outs, and the Number of Handoffs produced a 75% overall
classification accuracy. In the high-altitude sector model, the Number of Intersecting Flight Paths,
the Number of Heading Changes, the Number of Transitioning Aircraft, and Average Control
Duration produced a 79% overall classification accuracy. Classification rates achieved through the
use of the selected sector characteristics support the assumption that elements of the sector
environment contribute to the occurrence of OEs.

A considerable amount of research has focused on the relationship between sector characteristics and
controller workload or perceived complexity. However, relatively few studies have examined the relationship
between sector characteristics and the occurrence of OEs. In many early studies of OE causal factors, examinations
of sector characteristics were limited to purely theoretical relationships (e.g., Arad, 1964) or to traffic counts and
altitude transitions of the involved aircraft (e.g., Schroeder, 1982; Spahn, 1977). Grossberg (1989) expanded on this
by collecting ratings from 97 controllers and supervisors regarding various aspects of the sector environment in the
Chicago Air Route Traffic Control Center (ARTCC). Rodgers, Mogford, and Mogford (1998) evaluated the
relationship between sector characteristics and the incidence of OEs at the Atlanta ARTCC. In both the Grossberg
(1989) and Rodgers, Mogford, and Mogford (1998) studies, sector characteristics were evaluated without
comparison with routine operations (ROs). Yet, for every OE that occurs in a sector, there are hundreds (possibly
thousands) of hours in which an OE did not occur. Variables that correlate with sector OE frequency do not describe
what was different about the sector at the time of the OE. To truly understand the environmental and contextual
factors that contribute to OEs, it is necessary to identify what was different about the sector environment at the time
the OE occurred.

Pfleiderer and Manning (2007) conducted an investigation to determine whether logistic regression analysis
of objective sector characteristics could discriminate between OE and RO traffic samples. Two separate logistic
regression analyses were performed for low- and high-altitude sector samples at the Indianapolis ARTCC (ZID). In
the low-altitude sector sample, variables included in the final model were the Number of Point Outs, the Number of
Handoffs, and the Number of Heading Changes. This model was able to accurately classify 79% of the low-altitude
OE and RO traffic samples. In the high-altitude sector sample, a logistic regression model comprising the Number of
Heading Changes, the Number of Transitioning Aircraft, and Average Control Duration was able to accurately
classify 80% of the OE and RO traffic samples. Unfortunately, the study was flawed. Available traffic data consisted
of OEs from 9/17/2001 to 12/10/2003 and ROs from 2/25/2005 to 3/3/2005. Clearly, the time differential between
the OE and RO traffic samples was a confounding influence because it represented an uncontrolled, systematic
difference between the two groups. A second problem with the design involved pairing OE and RO traffic samples
(by sector, day of week, and time of day). Logistic regression analysis assumes that all cases are independent of one
another. Only random selection of RO traffic samples would have guaranteed independence.

In the present study, OE and RO traffic samples are again compared using logistic regression analysis, but
some important modifications were made to the design. OEs occurring in ZID airspace between 2001 and 2003 were
compared with RO traffic samples from 2003, thereby reducing the time differential between the OE and RO
groups. No attempt was made to match the RO traffic samples to the OE samples, thus meeting the assumption of
independence.
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Separate logistic regression analyses were conducted for the low- and high-altitude sector samples because
there was reason to suspect they represent heterogeneous sub-samples (Pfleiderer & Manning, 2007). Therefore,
combining sector strata would probably produce a model that fit the high-altitude sectors poorly and the low-altitude
sectors not at all. Predictor variables were restricted to dynamic sector characteristics. The variance of static
variables would be seriously limited because multiple OEs occurred in many of the same sectors in the sample.
Consequently, even if static sector characteristics were related to OEs, it is unlikely this relationship would be
detected. The dynamic sector characteristics variables Average Control Duration, Number of Handoffs, Number of
Heading Changes, Number of Intersecting Flight Paths, Number of Point Outs, and Number of Transitioning
Aircraft (described in detail in the Method section) were submitted to logistic regression analysis to determine the
degree to which they could discriminate between OE and RO traffic samples.

Method
Traffic Samples

All traffic samples were initially derived from System Analysis Recordings (SAR) generated by en route
Host Computer Systems. The Host features data reduction programs that generate text reports of selected subsets of
SAR data. The information used to calculate the predictor variables was extracted from reports produced by one
such program, the Data Analysis and Reduction Tool (DART).

OE traffic samples were derived from reconfigured DART information from Systematic Air Traffic
Operations Research Initiative (SATORI) files. SAR data require a prohibitive amount of storage space. SATORI
re-creations require less space and so these files are often the only traffic data saved after an OE. Therefore, the
primary constraint on the size and range of the data set was the availability of SATORI re-creations. SATORI data
meeting processing criteria (i.e., five minutes prior to the initial loss of separation) were only available for 119 OEs
occurring in the ZID airspace from 9/17/2001 through 12/10/2003. Of these, 40 occurred in low-altitude sectors and
79 occurred in the high-altitude sectors.

RO traffic samples were derived from ZID SAR data recorded on 5/8/2003 (15:55 to 17:05, 18:55 to 20:10,
and 20:50 to 22:15 ZULU), 5/9/2003 (0:00 to 1:10 ZULU) and 5/10/2003 (11:20 to 12:40 ZULU). DART text
reports were first encoded into database files and then processed in 5-minute intervals using custom software
designed to calculate objective measures from routinely recorded NAS data. This produced a total of 2644 RO
traffic samples. Of these, 992 occurred in low-altitude sectors and 1652 occurred in the high-altitude sectors.

The 40 low-altitude OE traffic samples were combined with 40 randomly-selected low-altitude RO traffic
samples to produce a total of 80 traffic samples for the low-altitude sector analysis. The 79 high-altitude OE traffic
samples were combined with 79 randomly-selected high-altitude RO traffic samples to produce a total of 158 traffic
samples for the high-altitude sector analysis. The number of traffic samples in the RO and OE groups was kept equal
because widely disparate group size produces logistic regression models that favor the largest group. Equal group
size also ensures that classification accuracy in excess of 50% represents improvement over chance.

Predictor Variables

Average Control Duration. Aircraft control duration is influenced by a number of factors, including aircraft
performance characteristics, Traffic Management Initiatives (TMI), and sector size — all of which have been
associated with sector workload or complexity (Grossberg, 1989; Mogford, Murphy, & Guttman, 1994; Pfleiderer,
Manning, & Goldman, 2007). Average Control Duration is the mean of the durations (in seconds) of all aircraft
controlled by the sector within a processing interval. Control time occurring before or after the interval was not
included in the calculations.

Number of Handoffs. Although traffic count remains the best single predictor of the number of OEs on a
national level, previous research suggests that it is not an effective predictor of OEs at the sector level (Schroeder,
1982; Schroeder, Bailey, Pounds, & Manning, 2006; Spahn, 1977). Perhaps the biggest drawback to traffic count is
that it tends to be highly correlated with other traffic-related measures, thereby creating redundancies that may
overshadow more effective predictors. Handoffs are correlated with the number of aircraft in the sector, but may
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also capture elements of communication workload, coordination, and required procedures. The Number of Handoffs
is the total number of handoff initiates and handoff accepts occurring within the 5-minute processing interval.

Number of Heading Changes. Heading changes have demonstrated a relationship with controller ratings of
activity (e.g., Laudeman et al., 1998), workload (e.g., Stein, 1985), and complexity (e.g., Kopardekar & Magyarits,
2003). Heading changes are involved with a number of procedures such as merging and spacing, Standard Terminal
Arrival Routes (STARs), Standard Instrument Departure Routes (SIDs), and holding. The Number of Heading
Changes is a count of all turns in excess of 10° per 12-second radar update that continue in the same direction for at
least three updates. Heading changes made in an attempt to avoid an imminent OE were excluded.

Number of Intersecting Flight Paths. This was one of the highest rated complexity factors in the high-
altitude and super high-altitude sectors in the Pfleiderer, Manning, and Goldman (2007) study. A similar factor
(several traffic flows converging at the same point) was highly rated in an investigation of Maastricht airspace
conducted by Eurocontrol (2006). The Number of Intersecting Flight Paths is the maximum number of flight paths
that might be expected to intersect, irrespective of altitude, within a 10-minute projected time frame given the
aircraft’s current speed and trajectory. Projections were calculated for every 12-second radar update within each
minute of data. The length and slope of the projected paths were based on the distance and angle of the current and
previous radar position coordinates.

Number of Point Outs. Point out entries represent one of the few instances in which coordination between
sectors is recorded. The Number of Point Outs is the total number of point out entries made by the Radar and Radar
Associate controllers during the 5-minute processing interval.

Number of Transitioning Aircrafi. The amount of climbing and descending traffic has long been recognized
as a contributor to the difficulty of working a sector (e.g., Arad, 1964; Grossberg, 1989; Kopardekar & Magyarits,
2003). The Number of Transitioning Aircraft represents the number of aircraft making one or more altitude changes
during the 5-minute processing interval. To be counted as a change, altitude must increase or decrease by a
minimum of 200 feet per 12-second radar update and must continue to change in the same direction for at least three
updates. Altitude changes resulting from last-minute clearances made in an attempt to avoid an OE were excluded.

Results

Stepwise elimination was employed for the logistic regression analyses because such methods are
extremely valuable in exploratory research. Backward elimination was used because it is less prone to omit useful
variables, since all variables are in the model at the beginning of the process. The likelihood-ratio test, which
compares the fit of the model with and without each predictor at every step, was the selection criterion because it is
more rigorous than other methods ((Menard, 1995). A criterion level of .10 was used to ensure that all relevant
variables are included in the logistic regression model.

Low-Altitude Sector Sample

Tolerance values were >.45 for all predictors, far in excess of the <.20 that would indicate multicollinearity
in the low-altitude sector sample. The logistic regression model for the low-altitude sample generated a Model X*(3,
N=80)=23.82,p<.01, indicating significantly improved prediction over the model with the constant only. The non-
significant Hosmer-Lemeshow X*(8, N=80)=1.61, p=.99 suggests that the model fit the data well. Logistic
regression coefficients (B), standard errors (S.E.), estimated odds ratios (Odds), and significance values for the
likelihood-ratio tests for the low-altitude sector sample are provided in Table 1. Note that neither the logistic
regression coefficients nor standard errors are inflated, indicating a sufficient ratio of cases to predictors.
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Table 1. Logistic Regression Summary: Low-Altitude Sector Sample (N = 80).

B S.E. Odds p
Number of Intersecting Flight Paths 1.06 .36 2.89 .00
Number of Point Outs 45 24 1.57 .04
Number of Handoffs 17 A1 1.19 .10
Constant -1.94 57 .14

In the low-altitude sample model, the Number of Intersecting Flight Paths had the highest odds ratio (2.89),
followed by the Number of Point Outs (1.57), and the Number of Handoffs (1.19). In other words, each intersecting
flight path increased the likelihood that the traffic sample was an OE by 189%, each point out increased the
likelihood by 57%, and each handoff increased OE likelihood by 19%. Classification accuracy in the low-altitude
sample is shown in Table 2. Of the 40 ROs in the low-altitude sample, 32 (80%) were correctly classified and 8
(20%) were misclassified as OEs. Of the 40 OEs in the sample, 28 (70%) were correctly classified and 12 (30%)
were misclassified as ROs. Overall, the low-altitude model had a 75% classification accuracy. This represents 25%
improvement over prior probabilities (i.e., the number that would be correctly classified by chance).

Table 2. Classification: Low-Altitude Sector Sample (N = 80 ).

- Predicted

g Routine Operations Operational Errors Total

% Routine Operations 32 (80%) 8 (20%) 40
Operational Errors 12 (30%) 28 (70%) 40

High-Altitude Sector Sample

As with the low-altitude sample, Tolerance values were high (.56 and above) for all predictors. The logistic
regression model for the high-altitude sample generated a Model X*(4, N=158) = 73.01, p<.01, indicating
significantly improved prediction over the model with the constant only. The non-significant Hosmer-Lemeshow X*
(8, N=158) =3.33, p=091 for the high-altitude sample verified that the model fit the data. Logistic regression
coefficients (B), standard errors (S.E.), estimated odds ratios (Odds), and significance values for the likelihood-ratio
tests for the high-altitude sector sample are provided in Table 3. Note that neither the logistic regression coefficients
nor standard errors are inordinately large, indicating a sufficient ratio of cases to predictors.

Table 3. Logistic Regression Summary: High-Altitude Sector Sample (N = 158).

B S.E. Odds p
Number of Intersecting Flight Paths .69 28 2.00 .01
Number of Heading Changes 31 15 1.36 .03
Number of Transitioning Aircraft 24 A1 1.27 .02
Average Control Duration .01 .01 1.01 .01
Constant -4.43 1.11 .01

In the high-altitude sample model, the Number of Intersecting Flight Paths had the highest odds ratio
(2.00), followed by the Number of Heading Changes (1.36), the Number of Transitioning Aircraft (1.27), and
Average Control Duration (1.01). In other words, each one-unit increase in the Number of Intersecting Flight Paths
increased the likelihood that a traffic sample was an OE by 100%, each one-unit increase in the Number of Heading
Changes increased the likelihood by 36%, every Transitioning Aircraft increased the likelihood by 27%, and each
one-second increase in Average Control Duration increased the likelihood by 1%. Classification accuracy in the
high-altitude sample, shown in Table 4, was slightly better than that of the low-altitude sample. Of the 79 ROs in the
high-altitude sample, 64 (81%) were correctly classified and 15 (19%) were misclassified as OEs. Of the 79 OEs in
the sample, 60 (76%) were correctly classified and 19 (24%) were misclassified as ROs. Overall, the high-altitude
model had 79% classification accuracy. This represents 29% improvement over prior probabilities (i.e., the number
that would be correctly classified by chance).
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Table 4. Classification: High-Altitude Sector Sample (N = 158 ).

= Predicted

g Routine Operations Operational Errors Total

% Routine Operations 64 (81%) 15 (19%) 79

© Operational Errors 19 (24%) 60 (76%) 79
Discussion

The results of the logistic regression analyses indicate that a sufficient model may be constructed from
sector characteristics variables. Overall classification accuracy between 75-79% is remarkable for models
constructed solely of environmental and contextual factors. After all, other factors (e.g., human elements,
organizational influences) also contribute to the occurrence of OEs. Unfortunately, all the logistic regression models
were better at classifying ROs than OEs. Classification of OEs ranged from as low as 70% in the low-altitude sector
sample, to 76% in the high-altitude sample.

Low-Altitude Sector Model

The most influential variable in the low-altitude sector model was the Number of Intersecting Flight Paths
(Odds=2.89), followed by the Number of Point Outs (Odds=1.57), and the Number of Handoffs (Odds = 1.19). In
Pfleiderer and Manning (2007), the most influential predictor was the Number of Point Outs (Odds=3.30), followed
by the Number of Handoffs (Odds=1.54), and the Number of Heading Changes (Odds=1.49). The predictive
strength of the Number of Point Outs and the Number of Handoffs in the Pfleiderer and Manning (2007) results
suggested that coordination played a primary role in the development of OEs in the ZID low-altitude sectors. This
impression was bolstered by the Pfleiderer et al. (2007) data, in which controllers and supervisors at ZID rated
coordination as one of the primary sources of complexity in low-altitude sectors. Consequently, the emergence of
the Number of Intersecting Flight Paths as the most influential predictor in the current low-altitude logistic
regression model was surprising, because ratings for this complexity factor were moderate in the low-altitude
sectors. The results of the logistic regression analysis suggest that coordination may be a contributing factor, but
converging traffic patterns are of greater consequence.

High-Altitude Sector Model

The Number of Intersecting Flight Paths was the most influential predictor in the high-altitude sector
model, followed by the Number of Heading Changes. This is consistent with previous research. Controllers and
supervisors rated the Number of Intersecting Flight Paths as one of the most influential complexity factors in the
high- and super high-altitude sectors (Pfleiderer et al., 2007), and the Number of Heading Changes received the
highest beta weight in a linear multiple regression analysis of controller ratings of activity in four sectors at the
Denver ARTCC. Laudeman et al. (1998) attributed the influence of heading changes to the “significant arrival
traffic in all the sectors that were observed” (p. 7). Arrival and departure traffic complexity is generally considered
to be a low-altitude phenomenon, but this perception may be inaccurate. In the present study, the Number of
Heading Changes was only influential in the high-altitude sector model. The third most influential factor in the high-
altitude logistic regression analysis was the Number of Transitioning Aircraft, which has long been recognized as a
contributor to the difficulty of working a sector (e.g., Arad, 1964; Grossberg, 1989; Kopardekar & Magyarits, 2003).
This finding is also consistent with Pfleiderer et al. (2007) in which the complexity factor Climbing and Descending
Traffic received the highest complexity rating for the high-and super high-altitude sectors.

Future Research

Logistic regression cannot be used to directly identify causal factors (i.e., prediction is not the same as
causation), but elements of the models reveal aspects of the sector environment that might be altered to reduce the
number of OEs. For example, the combination of the Number of Point Outs and the Number of Handoffs in the low-
altitude sector model may indicate that the location of sector boundaries increases coordination workload and
complexity. On the other hand, the combination of the Number of Point Outs and the Number of Intersecting Flight
Paths may point to problems with the orientation of traffic paths relative to those boundaries.
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Because of the research that remains to be accomplished, these results must be viewed as preliminary.
Multiple studies must be conducted at a number of facilities before such models might be viable for practical
applications. Nevertheless, the methodology of comparing OE and RO traffic samples is promising. Continued
investigations along these lines may highlight complexity factors that should be addressed to ensure that safety is
maintained.
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The views and opinions expressed in this paper are solely those of the authors. They do not necessarily
represent the positions or policies of any private, public or governmental organizations.

When we read the findings of NTSB report AAR-07/06, Southwest Airlines flight #1248, we felt
transported to a parallel universe whose occupants seem to be lacking any ability to reason analytically.
These “findings’ seemed to turn logic on its head, were insufficient in scope and incorrect as to causation.
This paper will analyze the SW accident using the ODM model; will show the deficiencies in the NTSB
report and finally, a. Indicate how to design line oriented flight training (LOFT) scenarios that reflect
actual operating conditions and are aircraft type-specific. b. Show where/how a separate DM crew
training module should be placed in flight crew training. The result would be training that provides both
instruction and simulator practice for all Captains in such a way as to make timely and accurate decisions,
thus avoiding the very accident we are discussing and, truly meet the requirements of an Advanced
Qualification Program (AQP) of pilot training and certification.

Complex systems behave counter—intuitively:
That is the plausible tends to be wrong.
J. W. Forrester

Purpose

We will be questioning and critical. However, we will go beyond somewhat facile critiques and raising
questions that seem not to have been asked. We will offer solutions, some of which we believe should
have been in place already. Before we begin: the 6 page limit for papers has resulted in some condensing
of our original paper. We believe that this version of the paper still "fills the bill."

Why Now?

We have, as do all in aviation, a deep concern for safety. To that end, we have been heavily involved for
over 15 years with early, middle and later CRM, LOFT and other flight crew human factors training and
evaluation. In the early through mid-2000’s, we were pleased to see the recognition of what we had said
many times, beginning in 1993: The pilot’s main function and responsibility is that of risk manager and
that the pilot and crew’s main functions were risk identification, assessment and mitigation. This
recognition is true, at least, in military aviation with its Operational Risk Management (ORM); a checklist
completed prior to launch, which can result in mission planning changes and even aborting the mission.
However, there is one problem with this proactive approach: it does not provide for changing

conditions and factors aloft that can result in a rising risk after launch. The entire purpose of risk
identification, assessment and mitigation is to enable the pilot to make the most timely, and accurate
decision, in real time, in a time-compressed and unforgiving environment. More later on this.
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The Tipping Point

When we read or observe something so outrageous and devoid of logic, we think we have somehow been
transported to a parallel universe whose occupants seem to be lacking any ability to think and reason in a
coherent way. Such was the case when we read the bizarre findings of the NTSB report AAR-07/06. We
remain completely amazed and puzzled that pilots and other aviation experts have not risen as a group
and demanded this report be revised...or, better, almost completely re-done in order to have congruence
with the reality and facts of the accident. This, as yet, not having occurred, we now feel constrained to
explicate our objections and recommendations to prevent another accident of this type...as well as other
accidents where risk identification/assessment and the decision-making needed to deal with high risk are
involved. In aviation, accurate operational decisions must be made, often with incomplete or conflicting
information, in a time-compressed environment that is unforgiving of error. (Smith, Hastie, 1992). In this
case, all the information needed was available and still incorrect decisions were made.

The Accident

On December 8, 2005, a Southwest Airlines flight #1248, attempted a landing at Midway International
airport in adverse conditions, rolled through a blast fence, an airport perimeter fence, and onto an adjacent
roadway striking a passenger automobile. One innocent bystander’s (outside the airport perimeter) life
was lost, people on-board seriously injured, and property destroyed. The weather at the time of the
accident was such that only the most carefully flown aircraft had even the slightest chance of landing
safely at this airport and that prospect was rapidly fading when the plane was well out of the approach
phase to Midway.

The NTSB inexplicably determined that the probable cause was the pilot’s failure to stop the airplane on
the runway (under conditions that would almost guarantee that this could not even be possible). So, the
accident happened because the pilot did not complete the landing within the confines of the runway. What
an enlightening piece of information; one supposes that, under this logic, when a CFIT happens, the cause
is that the plane hit the ground. While superficially plausible to an uninformed observer, this NTSB
finding is manifestly wrong. As an oblique afterthought, the NTSB made some reference to the fact that
perhaps a diversion to another airport was in order. These findings turn logic on its head; they imply that
it is somehow perfectly acceptable if an airline sends flights from both coasts to the Midwest in
wintertime, into a snowstorm, and then “hope for the best.” Thus, the NTSB tosses the accumulated of
knowledge of more than 50 years of flying military and civil aircraft out the window.

A Re-Look at the Conditions and Events

a. Weather and Adverse Conditions.

Low visibility and falling snow were compounded by the fact that the runway was slippery and braking
action advisories were in effect. Since there are only two types of advisories issued to pilots and
dispatchers, (wind shear and braking action ) we ask this question: what are these good for? Should they
be seriously considered in the Mission Planning phase, or since it is not “illegal” to operate under these
conditions, do we relegate them to the dustbin? Further, at the time of the accident, an 8 knot tailwind did
exist...beyond acceptable limits...and, when coupled with the poor braking, a recipe for disaster. Were
these devastating facts beyond the science of weather prediction? We think not. Many of the unsung
heroes of aviation are the meteorologists, and their predictive accuracy in our 40 years of aviation
experience is, to say the least, exceptional. Armed with the latest forecast of wind and weather, we
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wonder why this flight was even attempted...and, even more telling: why was there not an in-flight
diversion to a designated, alternate field, or, as a last resort, a rejected landing?

b. Dispatch and Mission Planning.

Part 121 Carriers are not permitted to launch airplanes into the wild blue yonder any time they feel like it,
but must comply with Dispatch protocol and constraints. Some conditions make successful completion of
some flights so improbable that they cannot be attempted. For example, if the forecast weather at the
intended destination is below landing minimums, the flight should not and cannot be flown... period! A
meaningful conference call between Dispatch, the Captain, and the weather expert would have resulted in
the decision that attempting to land in low visibility conditions, with breaking action advisories in effect,
with a tail wind on a short runway and with no real overrun is inadvisable. Why did not the captain
abandon the approach, reject the landing and proceed to the alternate?

¢. The Decisions of Both the Pilot and Dispatch.

In 1993, we proposed the concept of “Pilot as Risk Manager”, and further proposed that this is the
quintessential Captain’s activity, super ordinate to all others. We developed an operational decision-
making model, to be used in flight. The end-result of using our ODM paradigm is taking the actions
needed to keep the risk level low: 1. If the risk is low, continue with the mission plan. 2. If the risk is
moderate, modify the mission plan in order to prevent the risk from rising. 3. If the risk is high, abandon
the mission plan and/or cancel the mission (Smith, Lofaro 2003, Smith, Lofaro 2001; Lofaro, Smith 2008,
2000, 1999, 1998, and 1993). The question remains: why did the Captain continue?

d. A Brief Look at ODM

In order to deal effectively with the challenges of AQP, we developed an Operational Decision Making
(ODM) paradigm. It deals with risk: Its identification, quantification and management as the basis for
making decisions in the operational environment...decisions based on a precise and accurate
understanding of risk. All flying can be visualized as operating in a four-sided figure, the operational
envelope, where the sides consist of the critical factors to safe flight. The actual envelope is 3-D as the
plane can fly in any direction as well as climb or descend. The continuous task of the pilot is risk
identification and location by using situational knowledge. Situation(al) knowledge is that part of the
ODM consisting of the continually changing set of elements (knowledge bits) that comprise the Captain’s
awareness of (a) the area of the ops envelope where the captain perceives the aircraft is located and (b)
which of the critical factors of the ops envelope boundaries are in play. In this way, the pilot can ascertain
what is the cumulative effect of these factors and thus, re-locate the aircraft’s actual position in the ops
envelope. The pilot can then use the rising risk scale as a decision for action responses. See Figure 1

156



Airspeed, Altitude
Workload

\ J

System & Human Limitations.

Mission

Restricted Visibility

Non-Normal Conditions , o
( Less Than 1000-3 )

Figure 1.
The Operational Envelope
Note: Some examples of critical factors that are parts of the sides are shown.

To return to the accident: The Captain of flight 1248 was clearly faced with a rapidly rising risk he either
did not understand or was constrained in his decision by other, non-safety of flight, issues. But, rising risk
is non-linear. While we tend to think of one thing at a time, like wind or visibility, the reality is a
cumulative effect can, and often does, occur where the real impact of the conditions taken together result
in a much higher risk than the conditions taken as discrete events. Take, for, example low visibility
operations. The Captain was faced with about a 200 foot ceiling and %2 mile visibility, close to CAT 1
minimums. But he also had to deal with unfavorable wind conditions, and runway contamination
reducing breaking effectiveness on a short runway. When the factors are combined, the risk trajectory
moved from moderate to high risk. Clearly, the Captain had an aircraft that was outside normal conditions
and into non-normal operating conditions (again, see Figure 1)...and, therefore at high risk. Using the
concepts of Operational Decision Making, we assert here that the Captain should have abandoned the
approach and proceed to the assigned alternate. Let us emphasize this point: A landing should have never
been attempted.

e. The Landing.

As we said before, the conditions were such that only the most perfectly executed landing could possibly
have brought the aircraft to a safe stop on the existing runway. That this was not done is obvious. While
the NTSB report highlighted this fact, it failed to acknowledge one of the most important rules of
aviation: “ Never ever get yourself in a situation where extraordinary piloting skills are required.” Had the
crew done so, a completely different result and report would have emerged.

What Do We Posit As The Real Cause?

The accurate “most probable cause” of this tragedy was the failure of the Captain to make a timely and
accurate decision to abandon the approach and landing and proceed to the assigned alternate, given the
deteriorating weather conditions, marginal breaking action and adverse wind conditions. This set of
conditions and their cumulative effect, show the plane to be in a rapidly rising risk spiral, where the risk
had gone to the highest level. In aviation systems, if decisive actions are not taken concerning critical
events, risk will continue to rise to a point beyond which catastrophic mission failure results. Such a point
is called the Critical Event Horizon (CEH); the Captain and his plane had passed through their CEH.

What of the NTSB finding that the fault was in the SW training that was either not received or not tested
as to engine thrust reversers and auto brake systems? Not the real culprits as with the time/distances/speed
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needed before they would/could be deployed, they would have had little effect. However, we do not mean
to say that SW did not (does not?) have training deficiencies. The Captain did lack some needed training,
both in winter ops, in his 737 model...and, in risk identification, management and, most importantly,
decision-making. These should be both SW and FAA concerns. More importantly, such training applies
to all situations.

But, the real deficiency is somewhere else. Some history: In the early ‘90s a national task force was
formed, which we were a part of, to develop the next generation Airline Pilot Training program.
Originally promulgated by SFAR 58, it is called AQP. Guidelines for an AQP program were developed
and all carriers were invited to design and implement such a state of the art curriculum. The major feature
of AQP is to provide “mission realistic” training and evaluation, concentrating not only on flight
maneuvers, but on higher order skills like decision-making needed in actual line operations. Indeed,
Captain’s authority, workload management, and decision-making are the three underpinnings of any
successful AQP. (Captains Kevin Smith and Bill Hamman of United were key players in much of the
United AQP R&D). These higher order skills can and must be taught and evaluated by any airline that
wants to produce and maintain quality, trained pilots. As said, accurate risk location is the key, when in a
(rising) risk situation, to making the optimal selection of a course of action, i.e., an action response that is
an alternative to the original mission plan

Recommendations and Questions

The first one is that SW (and all carriers) develop and use LOFT’s that reflect actual operating conditions
and are aircraft type-specific. Event sets can be obtained from the carrier’s accident/incident reports as
well as using input from line pilots. A template for the development, and crew evaluation, of such LOFT
scenarios can be found in the 14™ Chapter (“Flight Simulators and Training”; Lofaro, R.J. and Smith,
K.M., 2008) of Human Factors in Training and Simulation. This chapter also includes the Mission
Performance Model (MPM) that is the template for specifying the critical components of flightcrew
“effectiveness” (effective performance). Secondly, since the apex of crew responsibilities is decision-
making, it should be made a separate crew training module, not a part of CRM. Plainly put: The
requirements of an AQP must be properly implemented.

Finally, was the penultimate cause of this accident the failure, at the most senior levels of management, to
develop, install and implement a quality, state of the art pilot training program: AQP? Such a program
would provide both instruction and simulator practice for this Captain (and all other Captains) in how to
exercise Captain’s Authority in such a way as to make timely and accurate decisions and avoid the very
accident we are discussing. The January, 2008 B-777 accident at Heathrow is another example of a
decision-making process that boggles the mind and gives rise to the question: What is the type, quality
and evaluation of training being received by airline aircrews?
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To accomplish air traffic growth in a safe and efficient way, future air traffic management concepts
require aircraft to accurately plan and execute 4D trajectories. A trajectory planned prior to takeoff,
may, however, require in-flight revision. To support the flight crew in their task of accurately re-
planning a flight plan up to a meter fix, in four dimensions, a dedicated planning interface has been
designed. The interface allows direct manipulation of the ground track and the descent profile.
Constraints on trajectory planning are mapped onto candidate waypoint locations, highlighting the
possibilities for acceptable ground track geometry in the horizontal situation display. In the vertical
situation display, these constraints are mapped onto candidate top and bottom of descent locations.
It is hypothesized that the designed interface enables pilots to efficiently plan suitable 4D
trajectories, while allowing for adaptive behavior and supporting situation awareness, even under
high workload conditions.

To increase airspace capacity, future air traffic management (ATM) environments will not only require
greater diversity and flexibility in the routes that can be flown, but also greater accuracy and timeliness with which
aircraft adhere to these routes. This has major consequences for both ground-based ATM and airborne navigation
planning. Indeed, in most of the proposed new ATM systems, the capability to accurately plan, implement, and
execute a flight plan in four dimensions (4D), that is, in space and time, is a central ingredient (Swenson, Barhydt &
Landis, 2006). The planning, guidance and navigation tasks of the flight crew will change when adhering to strict
time constraints becomes of key importance.

Currently, airborne planning, implementation, and execution of a flight plan is automated with the help of
the flight management system (FMS). Although the FMS has evolved at an exceptional rate in available features and
functionality (Lidén, 1994), programming a flight plan still is a cumbersome task. The specification of the sequence
of waypoints, flight levels, speed and time constraints, etc., needs to be entered alpha-numerically through the
keypad of the command and control display unit (CDU).

The need for pilots to exploit the powerful functionality of the FMS quickly and accurately, in accordance
with future ATM concepts, calls for a re-design of the navigation planning interface. This paper proposes a flight
deck interface to the FMS, which allows for direct manipulation of the flight plan by the flight crew, during the task
of airborne trajectory revision. In other words, the interface allows the crew to directly manipulate their flight plan
in space and time (see also Kaber et. al, 2002; Winterberg, 2002; Vandenbussche, 2005; and Mulder, Winterberg,
van Paassen & Mulder, 2009).

The design goals were threefold: 1. To find a suitable representation of constraints; 2. To support adaptive
behavior of expert workers; and 3. To lower the required level of cognitive behavior for the trajectory revision task
to skill and rule based behavior, allowing pilots to perform revisions under high workload conditions.

The proposed interface is designed in accordance with the principles of Ecological Interface Design (EID),
see, for example, Rasmussen (1999), Borst, Suijkerbuijk, Mulder & van Paassen (2006), and van Dam, Mulder &
van Paassen (2007). To find suitable representations of the work domain and task constraints, a cognitive work
analysis of the airborne trajectory revision task was performed as part of the preliminary design phase, see, for
example, Vicente (1999). Experienced pilots with backgrounds in commercial aviation and research were asked to
provide input on the design work.
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Cognitive Work Analysis of the Airborne Trajectory Revision Task

The process of cognitive work analysis (CWA) consists of five steps, which involve quite a diverse set of
modeling methods. Vicente (1999) formulated these five steps as follows:
1. Work Domain Analysis — What are we working with? With what purpose?

2. Control Task Analysis — What must be done?

3. Strategies Analysis — How can it be done?

4. Social Organization and Cooperation Analysis — Who can best perform each (sub)task?

5. Worker Competencies Analysis — How can human actors be supported in their task?
Work Domain Analysis

System Boundaries. A detailed scenario of an aircraft requesting a trajectory modification would involve
numerous interacting systems. However, this research focuses on supporting the crew during the (re-)planning task,
not on subsequent interactions with for instance the air navigation service provider. The system considered for work
domain analysis will therefore be limited to an aircraft flying in an airspace with obstructive elements, for example,
adverse weather cells or restricted airspace.

Abstraction Hierarchy. The abstraction hierarchy (AH) uses different levels, from abstract to concrete, to
describe the same system in terms of means and ends. The highest level of abstraction provides insight in the
system’s overall goals. The lower levels provide a more detailed representation of means and sub-goals. Four levels
of abstraction were considered: 1. Functional purpose, i.e., what is the purpose of the work domain? 2. Abstract
function, i.e., what are the underlying laws and principles? 3. Generalized function, i.e., what specific processes are
involved? 4. Physical function. i.e., what tools are available to influence these processes?

Control Task Analysis

Decision ladder. The control task can be mapped as a sequence of subtasks (Vicente, 1999). The four
dimensions of the trajectory to be defined are interdependent. For example, once a spatial trajectory has been
defined, the time constraint at the meter fix, and the aircraft performance capabilities, limit the possibilities for
temporal planning considerably. A distinction of the task in terms of temporal and spatial planning is therefore
considered useful. Two decision ladders, with interactions, are shown in Figure 1.

Internal and external constraints. Assuming that the aircraft has the required navigation capability to
execute user preferred routes in future ATM operations, the remaining internal constraints are: the flight envelope,
the aircraft dynamics, and the fuel available. The constraints imposed on the aircraft are: first, obstructions of the
flight path; second, operational regulations, and third, arrival requirements at a meter fix, which is typically near the
destination and may designate the transition from user preferred routing airspace into airspace managed by air traffic
control (ATC).

Strategies Analysis

Three experienced professional pilots, with backgrounds in civil aviation and research (see Table 1), were
consulted for input on the interface design. After an introductory discussion of future ATM concepts and the
implications on in-flight trajectory modification, the subjects were questioned on their preferences with regards to
trajectory generation and interface content regarding a new FMS planning interface design.

Regarding trajectory alternatives in case of obstructions, three preferences were expressed: 1. To plan
descents which are performed at constant throttle setting, 2. To separate speed changes from flight level changes, 3.
To minimize fuel consumption resulting from the revision. Concerning the interaction with the automation, a
preference for decoupled planning of the ground track and vertical profile was expressed. All pilots were in favor of
direct manipulation of the flight plan geometry through a cursor control device. When asked to name display content
that would be useful in performing a trajectory revision, the following answers were given: a visualization of time
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constraints at the meter fix, a preview of throttle settings and speeds per planned trajectory segment, a preview of the
maximum rate of descent, an estimate of the fuel consumption corresponding to the modified trajectory, and an
outline of the original trajectory during the editing process.

Spatial planning: Pilot Temporal planning: Automation

Interpret:
choose resolution
strategy

-
| Rule-based

1 Skill-based
1 domain

Figure 1. Decision ladder of the 4D planning task, separated into spatial planning, which is allocated to the pilot,
and temporal planning, which is allocated to the automation.

Table 1. Age, gender and experience of interview subjects.

Pilot Gender Age Flight Hours Aircraft Types
A Male 32 2,000 Cessna Citation I, Piper PA-31
B Male 64 9,000 Boeing 737-200/300, 757-200, 767-300 ER
C Male 69 14,000 Boeing 747-300/400

Social Organization and Cooperation Analysis

The spatial trajectory planning task is left to the pilot. The temporal planning of the trajectory is allocated to
the automation. Once the pilot has defined the new spatial trajectory, the automation completes it by suggesting
speed and altitude profiles that satisfy the 4D constraints at the meter fix, that, additionally, optimize fuel efficiency.
The interactions between the automation and pilot decision ladders in Figure 1 illustrate how the outcome of spatial
planning affects temporal planning, and vice versa. To allow the pilot to quickly make a well informed decision on
the spatial resolution, the effect of his actions on adherence to constraints can be previewed in a spatial affordance
zone, which is realized through automated pre-evaluation of numerous spatial trajectories (Mulder, Winterberg, van
Paassen, & Mulder, accepted). Upon definition of a new spatial trajectory by the pilot, the automation adds a
corresponding temporal plan, so as to ultimately obtain a complete 4D trajectory.
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Worker Competencies Analysis

The purpose of the worker competencies analysis is to identify the level of cognitive behavior required to
perform the tasks allocated to the human. Using the skills, rules, knowledge taxonomy (Rasmussen, 1983) as a
qualitative framework for assessment, the hypothetical benefits of the proposed planning interface can be explained.
Through the proposed automation support, the pilot's task of choosing and implementing a satisfactory resolution
strategy is reduced to applying expertise to the signs on the display. His cognitive behavior is thus supported on the
rule based level. Since establishment of the waypoint geometry is achieved through direct manipulation with a
cursor control device, it is now best categorized as skill based behavior. If the complexity of a situation requires
knowledge based behavior, the automated representation of constraints supports the pilot in his tasks of
interpretation and decision making. The resulting demands on pilot cognitive behavior are hypothesized to allow
effective in-flight re-planning even under high workload.

Interface Design

The interface design is a combination of conventional and novel display elements. There are several reasons
for building on conventional displays, rather than designing ‘from scratch’. First of all, the existing representations
used for aircraft navigation, that is, the Horizontal and Vertical Situation Displays (HSD and VSD respectively),
have already proven their value both in experiments (for example, Prevot & Palmer, 2000) and practice. Second, it
was not so much the navigation display that needed re-designing, but rather the way pilots could interact with it.
Third, a practical advantage of extending conventional display functionality is that it may facilitate speedy
implementation of the proposed re-planning interface in future systems. The proposed horizontal and vertical
planning displays are shown in Figure 2.

Novel Display Elements.

Horizontal Situation Display. In the HSD, control action is equivalent to modification of the location of the
selected waypoint. The constraints that bound the affordance zone, are the time available in which to reach waypoint
FIX and the achievable ground speed range (Mulder et. al., accepted). Modification of the trajectory by means of
waypoint relocation will generally result in a different distance-to-fly to waypoint FIX. By adjustment of the speed
profile to the trajectory length resulting from waypoint relocation, the estimated time of arrival (ETA) of the new
trajectory can be made close or equal to the required time of arrival (RTA) of the contracted trajectory. Since there is
a tolerance window around the RTA, candidate trajectories may be classified in three types, according to the smallest
possible difference between ETA and RTA at waypoint Fix: 1. The ETA equals the RTA. Candidate locations that
would result in this type of a trajectory are represented by the light shade of the affordance zone (see (1) in Figure
2). 2. The ETA lies within tolerances, but the RTA itself cannot be achieved. Waypoint locations corresponding to
such trajectories are represented by the dark shade of the affordance zone (2) 3. The ETA is outside RTA tolerances.
Corresponding waypoint locations are not part of the affordance zone, as the resulting trajectory would require
renegotiation of a slot in the landing queue. The HSD additionally includes a representation of the speed profile
selected by the automation (3), and the location of the top and bottom of descent (4).

Vertical Situation Display. Since manipulation of waypoints in the HSD only results in a (re)definition of
the ground track, the VSD is used to facilitate modification of the vertical profile. After manipulations to the ground
track, the automation will present the corresponding optimal vertical profile on the VSD by default. Analogous to
the ground track, the vertical profile can be modified by manipulation of its nodes, which are the top and bottom of
descent. The affordance zone in the VSD consists of a horizontal band (5), which appears when either the top or
bottom of descent is selected, and highlights the alternative locations for the selected waypoint that would result in a
feasible vertical profile. Placing the top or bottom of descent within this band ensures that the resulting trajectory is
not too steep to allow for descent with constant ground speed. The second element of the vertical affordance zone is
an outline of the descent envelope (6), which is bounded by the steepest descent from the earliest and latest top of
descent location, and of the initial and final altitudes. To assist the pilot in evaluating the vertical profile, a numeric
representation of the maximum vertical speed is included (7). Finally, since it is important for pilots to form an
accurate mental picture of the 4D flight plan during evaluation and re-planning, the trajectory edit display reveals
the time dimension of the trajectory means of ground speed targets, along with predicted throttle settings (8).
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Showing this information is hypothesized to increase situation awareness and reduce the risk of the crew being
surprised by, for example, automatically executed speed changes.

Figure 2. The proposed horizontal and vertical navigation displays.

Concluding Remarks

A new interface for modifying a 4D flight trajectory was introduced, which was designed using the
principles of ecological interface design. The interface visualizes the constraints for the re-planning task to the pilot
in a manner that is consistent with the constraints pilots have to take into consideration during this task (Mulder et.
al., accepted). It is expected that this interface will enable pilots to quickly generate alternative 4D trajectories when
faced with the necessity of making route changes, allowing them to make efficient use of the powerful capabilities
of the FMS. Furthermore, as was shown in the design rationale, the interface supports cognition on all levels of the
skills, rules, and knowledge taxonomy of Rasmussen (1983). This display will be evaluated in a flight simulator in
the near future.
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In the dynamic and multi-task condition of air traffic control, an Air Traffic Controller
(ATCO) must utilize effective strategies to control traffic to prevent potential collision of
aircraft and also to reduce his cognitive workload. Therefore, the strategy building skill of
an ATCO is quite important for aviation safety and efficiency. In the present research, for
supporting education of strategy building, a function which can visualize the difference of
task performance has been implemented into the Air Traffic Controller Cognitive
Simulation (ATCCS). Using this function, the effect of ATCO’s control on air traffic flow
has been successfully visualized, which helps trainee to understand the differences of the
consequences of the different strategy. This result has strongly implied that ATCCS
equipped with performance visualization function can be utilized as a supporting tool for
education of ATCO trainees.

It is strongly required to achieve higher level of safety in aviation along with the rapid increase of
the demand in air traffic recent years. The human factors in Air Traffic Control (ATC) area are one of the
most important issues to be tackled for enhancing aviation safety.

The ATC tasks are characterized by multiple tasks under the time-pressure condition. ATCOs are
sometimes required to control over 10 aircrafts which have multiple performance and different demands
at the same time. It means that the task environment of ATC essentially involves potential causes of
human errors such as cognitive overload and inappropriate attention allocation. However, our previous
research of cognitive task analysis for ATCOs (Inoue, K. et.al. 2006, Inoue, S. et.al. 2005) has revealed
that they have typical skill to develop effective air traffic strategies which can prevent potential conflict of

aircraft well in advance and also can reduce their cognitive workload. Such strategy building skill of
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ATCOs is definitely important for enhancing safety in the heavy traffic condition.

Based on such recognition, our research group has explored possible application of computer
simulation as a supporting tool for acquiring strategy building skill in the basic training process of ATCO
by visualizing the possible consequences of various task plans. In the ATC area, Fast Time Simulations
(FTS) have already been utilized as an effective supporting tool for prediction of ATCO’s workload and
also for evaluation of airspace design. However, as conventional FTSs have mainly focused on generating
discrete ATC events, their problem solving strategy tends to be somewhat different from that of human
controllers in a specific situation. That is because the cognitive processes concerning the decision making
by ATCOs have not been modeled properly in those conventional FTSs. Therefore, conventional FTSs
have not been capable of being utilized for educational purposes. In our opinion, further elaboration of
FTSs is definitely required in order to realize the realistic computer based simulation for the initial
education of ATCOs.

In the present study, the cognitive system simulation including the detailed cognitive model of
ATCO called Air Traffic Controller Cognitive Simulation (ATCCS) has been developed, which has been
designed based on the results of cognitive task analyses of an ATCO performed with the help of ATCOs
working regularly. The implementation of prototype supporting function for educational purpose and

results of its preliminary evaluation are described in this paper.
Air Traffic Controller Cognitive Simulation (ATCCS)
Major Characteristics of ATCCS

The major characteristics of the proposed simulation framework are described in the following:

Uncertainty. According to the interviews with ATCOs conducted by our research group,

uncertainty of an air situation is an important factor affecting ATCO’s cognitive strategy and workload. In

Simulated ATCO 1. Recognition of objective Aircraft

Recognize target state, lateral and vertical route of
objective aircraft by routine (schematic knowledge)

P

2. Task Planning

* Recognize potential related aircraft which may
requires conflict resolution

« Decide task plan

Information Acquisition

'

Instruction
to Aircraft 3. Monitoring

Continual monitoring until appropriate time to
provide an instruction

Update (each 10 sec.)

4. Provision of Instruction

« Adjust parameters in the instruction to the situation
+ Provide the instruction

Fig.1 Basic Structure of ATCCS Fig.2 Cognitive Process of Simulated ATCO
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our ATCCS, the uncertainly concerning the future situation of aircraft (e.g. future trajectory and flight
path of aircrafts, time delay of pilot’s reaction to ATCO’s instruction) has been taken into consideration.
The proposed ATCCS can simulate ATCOs’ behavior when future situation cannot be determined exactly,
which requires the extensive monitoring and the adjustment of strategies by the simulated ATCO

according to the ongoing situation.

Bounded rationality. Cognitive activity of ATCO in the ATCCS is limited by multiple cognitive
resources based on Wickens’s theory (Wickens, C. D. et.al. 1984); they are visual, auditory, cognitive and
motor resources. In addition, ATCO in the ATCCS has the Internal Situation Model (ISM), which is
separated from the Actual Situation Model (ASM). The ISM represents ATCO’s situation awareness,
which may differ from the actual situation. In other words, it is ATCO’s mental representation concerning
task environment involving temporal and spatial aspects. On the other hands, the ASM represents
situation of the actual world. ATCO’s actions are determined based on the ISM which needs to be
updated by information acquisition from the Radar Data Processing Unit (RDP) Model or predictions
based on obtained external information and ATCO’s inherent knowledge. This architecture realizes a
simulation taking the model of bounded rationality into consideration. It also enables ATCCS to simulate
the situation in which chain of errors occurs resulting from the discrepancy between ISM and ASM

caused by erroneous recognition of a parameter and inappropriate attention allocation.

Schematic knowledge. Our previous research has revealed that ATCOs have schematic
knowledge defined as “routine” involving dynamic descriptions of typical situations which can serve as a
significant basis for comprehension and prediction of situations (Inoue, S. et.al. 2005). It has also
indicated that routines involve the packages of heuristics to handle the situations effectively. The routines
represented in the developed ATCCS provide necessary knowledge for developing three-dimensional
flight image in objective sector based on the destination and route of the focused aircraft. The routine is

also utilized to detect and recognize related aircrafts among the number of aircrafts in the sector.
Basic Cognitive Process of Simulated ATCO

Cognitive Process of Simulated ATCO has been designed based on a cognitive process model of
ATCOs constructed with the help of ATCO in our group working regularly. Fig.2 shows simple overview
of the cognitive process of the simulated ATCO. In the ATCCS, ATCO’s cognitive functions are
implemented as an assembly of various agents. Each agent has a specific cognitive function such as
information acquisition from a radar screen, execution of communication with a pilot, storing a schematic
knowledge, and so on. Those agents activate each other, and the activation levels of agents determine the

overall behavior of the simulated ATCO.
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Table 1 Definition of Task Levels (proposed by Aoyama, H. et al.)

Task Level Situation Display Color in ATCCS
1 No necessity of providing instruction without any Green
requests from a pilot
2 Typical tasks such as setting intrail, changing altitude Yellow
are existed
3 Typical tasks and conflict resolution tasks are existed Orange
4 Task level 2 or 3 + Time pressured situation Red

4

Fig.3 Scenario of Simulation Experiment

Visualization of Task Levels

For educational purposes, ATCCS has a visualization function of task levels which are defined
by actual ATCO in our research group. The definition of task levels is shown in Table 1. The transition of

task levels depends on the effectiveness of the applied strategy.
Implementation & Evaluation

The proposed ATCCS has been installed on the PC with using C++ language. For preliminary
evaluation of proposed simulation, a numerical experiment has conducted based on scenarios in which
simulated ATCO is required to provide descent clearance to specific aircraft with resolving conflicts
among them so that each aircraft can accomplish its altitude target. In the simulation experiment, ATCCS
could successfully simulate the typical behavior of human controllers in the similar situations (Karikawa
et.al. 2008).

For evaluation of visualization function of task levels, additional simulation experiment based

on the scenario described in Fig. 3 has been conducted. In this scenario, the simulated ATCO must
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accomplish the requirement of altitude target of JAL542, which is 13000 feet at TLE. Two departure
aircrafts, ANA573 and ANA736 must be also controlled so that they can reach their cruises altitudes
within this sector. The original flight planed route of ANA 736 is shown by dashed-dotted line in Fig 3.
However, in this case, it is ineffective to follow the original planed route because it can lead to confliction
between descending JAL 542 and climbing ANA 736 near GOC. Therefore, human ATCOs often reroute
aircraft in order to resolve the conflict effectively in such a situation. In this simulation experiment, two
possible control strategies were given by an actual ATCO instructor. The strategy 1 is making ANA736
shortcut to the prior fix directly. The strategy 2 is to lead ANA736 to west by radar vector and then
providing instruction to direct to the prior fix after crossing. Both strategies are for resolving the
confliction between JAL 542 and ANA736 by crossing both aircraft at earlier stage. The consequences of
these strategies have been visualized and compared by using ATCCS (Fig.5).

The result of the simulation has shown in Fig. 4 ~ Fig. 7. In the Fig. 4 and Fig. 5, the task levels
are overlaid on the trail of each aircraft with color code. The Fig. 6 and Fig. 7 are time series graphs of
task levels estimated by ATCCS. The result of the simulation has indicated that the strategy 1 has lead to
continuous higher task levels due to another confliction between ANA 736 and ANA 573. On the other
hands, strategy 2 could successfully resolve not only the confliction between ANA 736 and JAL 542 but

Fig.4 Result of Simulation Experiment (Strategy 1) Fig.5 Result of Simulation Experiment (Strategy 2)

JALEAZ L 2 JALE42 &
ALTPDY 3000, ALTPDY 3000,
ANATIE *) ANATIE *) 4
O ALTIZ000 YW ALTIZ000 DIRECT #
ANARTS L 2 AMASTS L 4
ALTIT000 ALT3F000
Fig.6 Result of Simulation Experiment Fig.7  Result of Simulation Experiment
(Strategy 1, Time Series Graph) (Strategy 2, Time Series Graph)

(Task Level 1: Green, Level 2: Yellow, Level 3: Orange, Level 4: Red)
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also the confliction between ANA 736 and ANA 573 by displacing crossing point to north where ANA
573 is certainly expected to reach enough high altitude to maintain vertical separation with ANA 736. The
task level has been reduced in the earlier time frame when strategy 2 has been adopted. This result
indicates that the strategy 2 has an advantage in terms of reducing possible risk of confliction although it
requires one more instruction for radar vector. It can also contribute to reduce cognitive load of an ATCO
to monitor and resolve conflicts.

Through the simulation experiment, the developed ATCCS could successfully visualize the
effect of ATCO’s control on air traffic flow for different strategies which is consistent with the opinions
of actual ATCOs. This function of the ATCCS can helps trainee to understand the differences of the

consequences of the different strategy more effectively.
Conclusion

In the present study, a cognitive system simulation of an air traffic controller called the Air
Traffic Controller Cognitive Simulation (ATCCS) has been developed based on the results of cognitive
task analyses of an ATCO. The function visualizing the difference of task performance has been
implemented into the ATCCS. Using this visualization function, the effect of ATCO’s control on air
traffic flow has been successfully visualized. Although the development of this simulation framework is
still underway, the result of the simulation experiment has strongly implied that ATCCS equipped with

performance visualization function can be utilized as a supporting tool for education of ATCO trainees.
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Air traffic controller workload is considered to be a limiting factor in the growth of air traffic. In

this paper a new method of assessing controller task demand load will be developed and tested.
Based on the hypothesis that workload is primarily caused by the complexity of the task to be
conducted, the concept of the “solution space” is described. For any particular air traffic control
problem, the solution space describes the constraints in the environment that limit (and therefore,
guide) air traffic controller decisions and actions. The complexity of that particular control problem
can then be analyzed by considering the properties of the solution space. The task of merging an
aircraft into a stream of other aircraft that fly along a fixed route is considered. An experiment has
been conducted in which subjects were instructed to solve merging problem scenarios of varying
complexity. After completing each scenario, subjects were asked to rate the task complexity. High
correlations are found between several solution space properties and reported complexity.

Air traffic controller (ATCo) workload is considered to be one of the main constraints in air traffic
growth Hilburn, 2004). Itis important to be able to predict the effect of developisén the air traffic management
system on the ATCo. Currently, these effects are mainly assessed using expert judgment. For reasons of cost and
time, it is preferred to perform this analysis already during the initial fast-time simulation (FTS) phase.

The analysis of ATCo workload in FTS has been the subject of a large number of steliipg & Marsh
200Q Crutchfield & Rosenber@®007. The immediate flaw that is found in workload assessmengusirs
programs is that it is impossible to assess the mental workload, i.e., the workleggeaiencedby the operator, as
here subjective elements such as training, equipment, and stress level play an important role. Instead, developers of
FTS programs aim to analyze the ATCo’s task demand I8saisEen, Johanssen, & Mord@89, which is
considered to be an objective measure of the complexity of the task to be performed by the controller. ATCo
workload is hypothesized to be composed of a number of factors, such as level of training, type of equipment and
sector complexity$tein 1985 Kirchner & Laurig 1971). Sector complexity is often used as the means to describe
ATCo task demand load. The underlying hypothesis is that — as in the current research — ATCo workload is coupled
to task demand load (i.e., an increase in task demand load leads to an increase in workload), and that task demand
load, in turn, is coupled to sector complexity.

For the current generation of FTS programs, task demand load metrics are constructed using a weighted
combination of scenario properties. Examples are the number of aircraft involved, the sector size, the ratio of
climbing and descending aircraft, or the count of weighted controller evisofmafdekar & Magyarits2002
Majumdar, Ochieng, Bentham, & Richar@905. The properties that are relevant to the task demand lodgsisa
and what weighing factors need to be used, are determined through expert judgment and regression analyses. The
validity of this method is questionable, however, since the scenarios that are being analyzed might differ heavily from
the baseline scenarios used for the regression analysis. ATCo task demand load has proven to show non-linear
behavior, and can vary greatly due to slight changes in the situation being controlled. Therefore, another, more
objective and also more widely applicable method of task demand load analysis is required.

This paper aims to demonstrate how a new method of complexity analysis can be used to perform a task
demand load analysis for air traffic control related problems, in a more accurate and objective manner than current
techniques. In this method, the complexity of a particular controller task is analyzed by examining the — what we
refer to as the — “solution space of the problem”. The solution space can be defined as the subset of all possible vector
(combined heading and velocity) commands that can be issued by ATC, that satisfy constraints of safety, productivity,
and efficiency. These constraints are imposed by the situation at hand. To evaluate the validity of this method, only
the task of merging aircraft is considered in this paper, in the horizontal two-dimensional plane.
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Construction of Solution Space for an ATC Merging Problem

The solution space of aircraft separation problems has been researched by Van Dam et
al. (van Dam, Mulder, & Van Paassg2008 from the pilot's perspective, and it was hypothesized thairt
systematic approach might also be applicable to the ATC problem. Basically, the solution space is a measure of the
set of possible solutions that are at an operator’s disposal to deal with a particular problem. In the present context, for
any particular air traffic control problem the solution space describes the constraints in the environment that limit —
and thereforeguide— the air traffic controller’s decisions and actions.

As a first step in the development of the solution space method, the problem of merging aircraft onto a single
fixed route is analyzed. Merging situation occur, for instance, as aircraft approach an airport and need to be lined up
for landing. The solution space analysis is performed for aircraft that are not on the route and aims to find out what
combinations of heading and velocity — the AT@ectors— lead to a successful merge.

The solution space is defined as the state space that represents possible vector commands issued by ATC that
satisfy particular well-defined constraints. For the current analysis these aRro(lLictivity the vector must be
such that the free aircraft flies toward the route;$2afety the vector may not lead to loss of separation at any point
in time; and (3)Efficiency the vector must allow for direct route interception, no additional commands shall be
necessary. The solution space computations are conducted in a number of steps, discussed in full detalil
in (Hermes, Mulder, Van Paassen, Boering, & Huisp2009.

360 360
Py P
P, 315 4 31s A 45
P,
Pe,
Vi S p 270 90 270 90
P 1
2 P, Pac,
225 135 225 135
o Vime®
Pac, 180 180
(a) Overview of example problem (b) Initial solution space (c) Computed solution space

Figure 1: Example problem overview, initial and computed solution space.

An example problem is illustrated in Figui€a) showing a route that runs from fixed route poifisto Py,
via P, and Ps;. An aircraft — referred to as the ‘route’ aircraft — is defined by its posittag,, velocity V; and
separation minimung, flies along the route. It is assumed that the aircraft travels along the route with a constant
velocity V1, and has a fixed turning angular rate of three degrees per second. When more aircraft are flying along the
route, the solution space calculations need to be repeated for all route aircraft.

Another aircraft — the ‘free’ aircraft — intends to intercept the route, and is initially locat®dat. The
goal of the analysis is to determine which combinations of heading and velocity commands can be given to the free
aircraft, in such a way that the vector command satisfies the productivity, efficiency, and safety criteria. The initial
solution space can be drawn like Figdr), in which all possible combinations of heading and velocity@resent.
Note that the velocity possibilities are limited by the minimum and maximum veldgjty, andV,,..., respectively,
of the free aircraft.

Certain combinations of velocity and heading commands meet the criteria of productivity, safety and
efficiency, others don't. Areas in the solution space that contain these vectors are &afelatasAreas containing
vectors that do not satisfy one of the constraints are caltsafe areasFigurel(c) shows the solution space for this
particular example, with the unsafe area indicated in grtrines et a).2009.
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Using the method of solution space analysis on a merging @nofdll properties of the scenario are
systematically combined into a single metric. A solution space-based metric is therefore hypothesized to be a more
objective and also scenario-independent metric than a weighted combination of scenario properties, in which the
weights highly depend on the baseline scenarios considered.

In order to investigate if and how the solution space analysis can be used to assess the aircraft merging
problem complexity, a validation experiment was performed. In this experiment, subjects were confronted with
scenarios in which they were required to merge a free aircraft onto a route using heading and velocity instructions.
Correlations were computed between properties of the initial solution space (the static solution space at the start of
the scenario), such as size of safe areas, and the scenario complexity as experienced by the test subjects.

Method
Experiment set-up

ApparatusA stand-alone simulator was developed using MATUAB. An interface was presented that
consisted of two parts. The left part was a conventional Plan-View Display (PVD), where the route and the aircraft,
represented as a square with a label, can be found. The right part was the command window, allowing subjects to give
commands to the aircraft. Subjects could send heading and velocity commands (either one by one, or
simultaneously), and the command to intercept the route.

Subjects and Instructiordineteen subjects participated. Based on experience, they were divided in two
groups. The first group, six subjects, aged 33 t0/66-(39.3, o = 6.4), had operational ATC experience. The
second group consisted of thirteen inexperienced subjects, aged 23t6-519(2, o = 8.2).

Subjects were instructed to maneuver the free aircraft onto the route. They were free to choose any point on
the route for interception, but were not allowed to merge in front of the first route aircraft, or behind the last route
aircraft, because the stream of aircraft was finite. Their subgoal was to use as few commands as possible.

In practice most, if not all, subjects merged the free aircraft on the route segment that lied in-between the
initial heading bandwidttiBWW},..4. And surprisingly, although subjects were told that they could also command the
motions of the route aircraft, they all worked only with the free aircraft.

ProcedureSubijects first got familiarized with the interface using an interactive, explanatory tutorial. Then, a
minimum of nine training scenarios, hypothesized to be ascending in complexity, were presented. Subjects were
introduced with the questionnaire. Then, fifteen measurement scenarios were done, in randomized order (randomin
hypothesized complexity and random per subject).

Questionnairelhe questionnaire consisted of the following six questions, constructed to find out how
complex the subjects perceived the scenarios to be, and why they assessed it as suchc@ihplewwas the
scenarioto solve? (2) Did you feel thdaime pressurénfluenced the complexity of solving the scenario? (3) Did you
feel thataircraft limits influenced the complexity of solving the scenario? (4) Did you feelriat design
influenced the complexity of solving the scenario? (5) Did you feelttiaffic influenced the complexity of solving
the scenario? (6) Did you feel thiaftial conditionsinfluenced the complexity of solving the scenario? Each of these
guestions were answered using an 11-point (0-10) Likert scale.

Experiment scenarios

Aircraft All aircraft moved at a certain heading with a certain velocity (200 knots). They turned with a rate
of three degrees per second, and accelerated/decelerated with three knots per second square. The simulation was run
four times as fast as real-time, due to the relative simplicity of the task. The simulation was two-dimensional, altitude
was not taken into account. All aircraft had a fixégd;,, andV,,,.,. of 175 and 225 knots, respectively.

Airspace and route¥he Dutch airspace was used as a background to increase the fidelity of the simulation.
Subijects did not have to take sector boundaries into account when performing the task, however. Routes were
constructed in such shapes and lengths as to create certain solution space diagrams and merging problems.
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TrafficIn each scenario, traffic was placed such that (in combination with route design) certain initial
solution space properties were achieved. All traffic was present at the start of the scenario; aircraft disappeared from
the PVD as they reached the end of the route. Route aircraft that were not on the actual route yet, traveled toward the
first route point: no aircraft intercepted the route at any point aside from the first one.

Initial scenario propertiesnitial scenario properties that were hypothesized to be indicators of scenario
complexity, were identified prior to the experiment, using results from literature and through expert judgment. The
following properties were considered: (1) Number of route aircesft{); (2) Number of approaching aircraft
(Nac,); (3) Distance to the routelf,..c); (4) Turns in the route;.,»s); (5) Length of the routel{,.:.); and (6)
Bunching (B), a measure of aircraft being in close proximity to each other. For every two aircraft that have
intersecting or touching separation circles at scenario initializafis,increased by one.

Initial solution space propertieSeveral initial solution space properties were hypothesized to be possible
complexity indicators. The following variables were examined: (1) Heading band r&igg.(4); (2) Number of
safe areasiNsq.); (3) Number of relevant aircrafiNac,.,); (4) Total solution space sizel(,y..); (5) Size of
largest safe area(.,); (6) Average safe area sizd (,.,); and (7) Safe area size deviatiany.).

Dependent measures

The questionnaire results consisted of the subjects’ answers to the six questions, and additional comments.
As different subjects exhibit different rating behavior, all quantitative data were first corrected for inter-subject
differences. This correction was performed by calculating the Z-scores for every test subject.

Hypothesis

Our main hypothesis was that, when using the initial solution space properties, a metric can be constructed
that has a stronger (i.e., higher) correlation to the subjectively-reported complexity than the other metrics based on
either the initial scenario properties or logged properties such as number of commands or separation violations.

Results

A total of 285 experiment runs were performed using nineteen test subjects and a total of fifteen
measurement scenarios. Using analysis of variance it was shown that no training effect was present in the data.
Results from an outlier analysis and a group correlation analysis showed that the most illustrative results would be
obtained if the full data set was used, and if all subjects were considered to be members of a single group
(Hermes et al.2009.

Correlation analyses

One-way analyses of variance were conducted, with the subjective complexity rating the dependent
measure. Since all but one of the possible complexity predictors showed significaloes < 0.05) in these
ANOVASs, correlation analyses were performed in order to determine how well the possible predictors correlated with
the test subject complexity ratings. For each possible predictor, a Pealsealse of linear correlation was
calculated. This was done using data from all experiment runs individaadlyising the means of experiment data
per scenario, that is, averaged over all subjects.

Correlation between complexity and other questionnaire variabilgsre2 shows the Z-score complexity
rating plotted against some of the questionnaire variables (also Z-scores), together with a best-fit linear relationship.
Although all questionnaire variables showed statistically significant correlation, subjects linked complexity most
strongly to the “Traffic” involved in the scenarios, i.e., the presence of the other aircraft flying on or towards the route
(means:R=0.9740p < 0.001; all: R=0.6743p < 0.001).
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Figure 2: Complexity rating versus other questionnaire ratings (top) and initial solution space properties (bottom).

Correlation between complexity and initial scenario properfieé® number of aircraflv 4o (means:
R=0.4454p = 0.0962; all: R=0.2434p < 0.001), bunchingB (means:R=0.4237p = 0.1156; all: R=0.23186,
p < 0.001), and the number of approaching aircraft, (means:k=0.3580p = 0.1901; all: R=0.1957,
p < 0.001), correlate to complexity strongest. Since these are all properties related to traffic, this finding supports the
hypothesis that subjects linked complexity most strongly to traffic properties. It corresponds well with the
guestionnaire findings.

Correlation between complexity and logged proper8éatistically significant correlation was found for the
number of command¥.,,,, (means:R=0.8244 < 0.001; all: R=0.2361p < 0.001) and the number of separation
violations Ngy (means:R=0.7220p = 0.0024; all: R=0.1978p < 0.001). Hence, the correlations for the initial
scenario traffic-related properties and the statistically relevant logged properties are in the same order of magnitude,
with R values of approximately 0.2. Especially the fact that the number of aircraft and the number of commands
correlate to complexity approximately equally strong is interesting, since they are both currently used as preliminary
indicators of workload in FTS. This provides confidence regarding the validity of the present experiment.

Correlation between complexity and initial solution space propeitidsigure?2, the Z-score complexity
rating is plotted against some of the initial solution space properties, including the best-fit linear relationship. In the
initial solution space properties correlation analysis, the safe area perceAtgges(means:R=-0.7423,
p = 0.0015; all: R=-0.4047p < 0.001), Asqr., (Means:R=-0.7224p = 0.0024; all: R=-0.3949p < 0.001), and
Osafe (Means:R=-0.7284p = 0.0021; all: R=-0.3981p < 0.001), correlated to complexity most strongly. The
absoluteR value for these three initial solution space properties is approximately twice as high as the asolute
values of the best predictors from the initial scenario properties and the logged properties. This leads to the
conclusion that solution space properties, and specifically those that kuhuiion space sizavere the best
predictors of complexity in this experiment. This supports our main hypothesis, namely that a more accurate
complexity predictor could be constructed using the solution space concept.

Regression analysis

In the regression analysis, initial solution space properties were combined in metrics in an attempt to obtain
stronger correlations, and thus more accurate complexity predictors. The regression was performed using “means”
calculations. By combining all seven initial solution space properties, an abgolkie of 0.839 could be
achieved. Furthermore, it was observed that the total safe ared size was presentin the best 36 metrics,
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suggesting that this is the most important solution spacpgutg and the best complexity predictor. This finding is
supported by the fact that a metric that contains ohly;., already has an absoluievalue of 0.742, only 0.097

lower than the absolut® value for the best metric, the one including all descriptors. The relatively small increase in
correlation in the regression analysis also suggests, however, that the initial solution space properties that were
analyzed in this experiment are coupled. Whether this means that solutiorsgges¢he most relevant of all

solution space properties, or that another property that has not been analyzed can add significant additional predictive
capability, should be determined in a more elaborate study.

Overall, the results suggest that the solution space does indeed lead to more accurate complexity predictors.
However, it is important to realize that the two-dimensional merging problem that was analyzed in this research is not
the only, or main, task that an air traffic controller performs in a normal work setting. Yet, although the results should
be treated with care, they certainly provide a solid basis for further research into the development of a complexity
metric which is based on the solution space concept.

Conclusions and Recommendations

This study investigated whether the solution space of a two-dimensional air traffic merging problem can be
used to assess the complexity of that problem more accurately and objectively than current metrics. An experiment
was conducted which showed that the initial solution space properties, in particular those related to solution space
size, are indeed more accurate complexity assessors than traditional metrics, while being at least as objective. This
result provides a solid basis for expanding the solution space research. Possible future research paths include
dynamic solution space analysis, three-dimensional air traffic control problems and the development of solution
space based interfaces to support air traffic controller decision making and situation awareness.
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A new format was derived from a Visual Thinking cognitive psychology paradigm and permits easy
understanding of multiple system parameters with different directions and unit scaling. This new
“Sprocket” format allows rapid cross check, characterizing multiple failure thresholds, and easy detection
of out-of-tolerance conditions and a gestalt state awareness. The format was evaluated in a dual task,
aviation-oriented experiment.

The advent of the all glass cockpit in aircraft makes new display formats possible beyond the traditional
discrete gauge display that dominated the first 100 years of aviation. Graphics allow greater flexibility in
information display, but is not without its dangers. A British B737 accident was attributed to an aircrew unfamiliar
with a new engine display format shutting down the wrong engine in response to an engine fire. New format
designs must be cognitively compatible with both the aircrew’s mental model of aircraft function, at least consistent
with existing displays affecting reading through transfer of training, and provide significant advantages in reading
accuracy, speed, and reduced display space.

Visual Thinking

The Visual Thinking phrase was first coined by Arnheim (1969) to describe the relationship of
perception and cognition. Inherent in vision is the ability to preprocess data and recognize visual patterns.

Vision is not perception and perception is not thinking. The mind gathers information and
processes it. Note that I said information, information is data plus meaning. Before the mind
conveys the information your eyes must observe it, and some preprocessing needs to be done to
turn this data into information. (Arnheim 2004)

The key to Arnheim’s thesis is that vision and thinking are not necessarily disjoint concepts. When a
person perceives an object with their eyes, before deep thoughts about the object can be conceived, the simple sight
of that thing at least causes classification (placing the object in the context of other objects like it). For instance, if
you see a cat, before any separate thinking is performed about the cat, it has already been placed in the category of
“cat”. This is a particularly useful cognitive trait to have when that cat is a dangerous one that needs to be fled from,
such as a tiger.

Arnheim contends the idea of visual thinking is an old one, going back to the ancient Greek philosophers:
Plato, Socrates and Aristotle. These philosophers were the first to make a distinction between perceiving and
reasoning, mainly because perception from direct senses could not always be trusted. (We have all experienced “our
eyes playing tricks on us”, or heard tales of mirages in the desert.) Reasoning was considered to be the “correction
of the senses” and the “establishment of truth”.

It can be reasonably argued that Arnheim’s Visual Thinking is an almost instantaneous pattern
classification. It is not the perception of the object that classifies the object, but rather the very well travelled mental
pathways that react with almost lightening quick classification. The perceiving of the object (cat) does not require
new neurons to fire off and create new paths; the existing short pathways have always succeeded previously.
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Design of the Visual Thinking Sprocket

Physiologically, the eyeball as an information-gathering instrument scans the world under the guidance of
cognitive attention centers. The eyeball fixates on a region of interest. An image is buffered and scanned, like a
massively parallel computer, to find objects within the image through feature extraction. Once extracted, these
objects are serially scanned at about 25 items per second. Since the eye scans quickly, reacquiring a new image
about 10 times a second, only four to twelve objects are recognized before the eye jumps to another fixation. These
physical boundaries must drive the design of cognitively sensitive displays.

Furthermore, when designing a display, two attributes must be balanced: the overview of the situation and
the details within the situation. The overview is a qualitative “aspect of data preferably acquired rapidly and even
better, pre-attentively; that is, without cognitive effort” (Spence 2007). A well designed overview display uses
visual cues that are acknowledged to be pattern classifier aids so information “pops out” at the operator. On the
other hand, details are quantitative and should only be presented to the operator on an as needed basis, i.e., when the
operator requests more in-depth information, presumably because of the overview display observations.

Within the design of the Visual Thinking Sprocket display, primary attention is devoted to the overview
pattern classifier aids. A design that presents an overview of a situation must be designed simply and stress those
features that can be pre-attentively processed. According to Ware (2004), features that can be pre-attentively
processed can be organized in the following categories:

e Form: Line orientation, line length, line width, line collinearity, size, curvature, special grouping,
blur, added marks, numerosity

e Color: Hue, Intensity

e  Motion: Flicker, Direction of Motion

e  Spatial Position: 2D position, Stereoscopic depth, convex/concave shape from shading

The features in bold were the pre-attentive cues the Visual Thinking Sprocket attempted to model.
Examining Figure 1, one can see the intentional feature implementation on the initial single-threshold Visual
Thinking Sprocket design. This Visual Thinking Sprocket was intended to be a decision support aid within a larger
flight simulator.

Area is proportional to the merit of the route,

and is dependent of the dimensions weight
(slice size) and value (radius). Best route has
largest areal
SAM Radar PD
2

EW Radar PO
Red line represents the mmimum probability of
. survival necessary to make route acceptable (. 2)

Format can handle any interval/ratio
scale. Dimensions are flipped” so
larger radius 1s ALWAY S better

‘\' _~ Maximum radius indicates the maximum
¢ \‘(-" possible performance on a parameter
\
Anti-Aircraft Artillery exposure exceads 'i
the maximum permitted (300), so hibility
slice does not exceed the criterion. — i ____ Radius of slice is based on proportion of
This makes theroute is unacceptable f " parameter value | maximum possible where
based on the criteria. 2 larger is better, one minus proportion if
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) i Vi ;
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Figure 1. Early drawing of a multi-dimensional, multiple scaled decision support display. The raw detail data
display is visible by mouse roll-over of the slice.

SAM Shots (15/100), Survival (40/100)

Encoded into this initial Visual Thinking Sprocket were (1) angular slices proportional to the weighting of
the dimension; (2) acceptability of specific dimensions (pink — unacceptable, blue — acceptable); (3) individual
dimension “health” or “preference” (larger colored area is always better); (4) slices nearer the red tolerance line are
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less optimal, those nearer the maximum radius are deemed near optimal; (5) labels naming individual dimensions
and their associated current values; (6) a normalized rescaling of the dimensions; and (7) the global preference of the
decision — bigger sprockets are better than smaller sprockets. Finally, if the operator wanted more information about
a specific dimension, a simple “mouse-over” displays the detailed raw data behind the image.

From Figure 1, one can see why the resulting circular figure is called a sprocket, with geared teeth of
varying length, resembling the tooth embellished wheel that drives a chain, or in this case, cognitive understanding.
Experiments were performed to examine the viability of using Visual Thinking as the cornerstone in designing
displays. Figure 2 illustrates two versions of a Visual Thinking Sprocket, each of which can be instantiated through
the same software library.

Figure 2.A  The decision support aid is a static single-threshold two-color sprocket — it compares three
alternate routes that an operator may select. The operator has to choose which route
alternative was best based on the presented dimensions, called the Figures of Merit (FOM).
For this display, bigger is always better, so Route 2 is the best route. This is obvious without
placing exact values on the display. The sprockets were instantaneous snapshots of the route
alternatives. Finally, dimensional weights are displayed in the slice angular subtend so
dimensional contribution to total area is clearly expressed.

Figure 2.B  The dynamic double-threshold three-color system monitoring display. The operator is
monitoring four unmanned aerial vehicles (UAVs). In this example each of the UAVs has
serious health issues, for example UAV, and UAV, have Fuel Temperatures that are below
the minimum threshold, while UAV, has an RPM that exceeds the upper threshold. The
amount that UAV, and UAV, fail to reach the minimum threshold is illustrated by the size of
the wedge — UAV, “barely” fails to reach the minimum threshold, indicated by the numeric
value and less white space in between the wedge and red lower threshold ring. UAV; is
“healthy”, since it is all gray. Best is not the biggest or smallest area; but rather, the most
circular gray pie. Optimal is indicated by the light blue ring. Color coding is meant to mimic
American water faucets, e.g., blue (cold/low) and red (hot/high).

%ﬂwﬁadarpa 5 HEWRaﬂ'arPa A
NoR: A
Barpy

Figure 2. Static single-threshold (A) and dynamic double-threshold (B) Visual Thinking Sprocket designs

The new sprocket format is designed to achieve greater situation awareness (SA) as a basis for the decision.
Endsley and Kiris (1995) defined three different levels of SA. Level 1 (SAl) deals with the “perception” of
elements of the environment. Level 2 (SA2) describes the comprehension of those elements and indicates a deeper
level of cognitive comprehension. Level 3 (SA3) refers to the ability to use that comprehension to make predictions
based on them. When operators choose between generated routes, they necessarily make an SA3 assessment to
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predict which route will best accomplish the mission. The Visual Thinking design paradigm encourages greater
comprehension because it reveals not only which route is superior, but why it is superior. It facilitates integration of
the various dimensions via the rescaling of the dimensions and translation into the area representation.

The Visual Thinking Sprocket was compared to a text table (similar to the current UAV display technology
(circa 2007) used in a Predator Ground Control Station (GCS) Variable Information Tables (VIT) and bar charts
(considered chosen as a first naive attempt at a “graphical user interface”). It is understood that these are discrete
interfaces, not integral interfaces, which is because there exist no integral interfaces for multiple UAVs.

Experimental Design

The experiment employed the Sprocket as a decision aid to choose which of three alternative missions were
best based on weighted criteria. The criteria included dimensions like probability of survival, number of missile
shots, minutes of radar exposure, etc.; measures differed in their direction and scales. This trio of routes was
presented in a two factor repeated-measures design with full-model partitioning. Each image was generated from the
same data, i.e., a bar chart, text table and sprocket image were generated from datasets 1, 2, ..., 12. Each subject
was shown a series of generated images of the Figures of Merit (FOM) for three alternative paths’ and a question.
The subject responded to the first question (rank order the three routes from best to worst), and then the second
question was displayed, and so on — the presented image did not change and remained visible during the questioning
(SPAM - Situation Present Assessment Method). The four questions and levels of situation awareness are listed in
Table 1. The questions were designed to explore specific decisions considered typical within a multi-UAV mission.

Table 1. Questions asked for each set of generated images.

SA Level Question Possible
Answers
Q1 SA2 Rank order the routes 1-2-3, 1-3-2
[Best to worst] 2-1-3, 2-3-1
3-1-2, 3-2-1
Q2 SAl Do any of the routes meet the all minimum criteria? Yes, No
Q3 SA3 Which route is Best if Dimension X is dropped? 1,2,3

[Where X was chosen from among the 4 top weighted
available dimensions]
Q4 SAl& Which route has Best Dimension Y? 1,2,3
SA2 [Where Y was chosen from all available dimensions]

Results and Conclusions

The accuracy and response time for each question must be examined. To choose this new display, the
results of the experiment must show that it is better than the alternatives (current text based display or naive graphic
display) in accuracy and/or response time — preferably both. Furthermore, the subjects should find the new display
“Intuitive”.

Looking at the “correctness of answer” per question data first, the generated data was examined prior to
presentation to the subjects to determine the “correct answer” to each question with a weighted combination of the
parameters. The operator’s “correctness” response was then defined as whether the operator responded with the pre-
calculated correct answer. A correct response was assigned a value of 1 and a wrong answer was assigned a value
of 0. The sum of the correct answers was then used as a measure to determine the cognitive ease of use for each
display type — each question had a maximum score of 12 points for correctness.

For example, the Minimum Criteria question (Q2) asks whether all of the mission alternatives presented to

the operator meet the minimum criteria on all dimensions: (1) the possible answers are Yes or NoO, and (2) the
correct answer is Yes (the three mission statements are all valid)." Then for each operator that answered Yes, a

' The Text Table and the Sprocket color coded a failure of each dimension, i.e., if the “Probability of
Success” dimension failed to reach the minimum value, then the text (pie piece) would be colored red. For the Bar
Chart, no color coding was attempted.
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counter would be incremented by 1. The maximum value the counter could reach is 12, so if the final counter value
was 12 (out of 12), then 100% of the subjects responded with the correct answer. If % of the subjects responded
correctly, then the final value would be 6 (out of 12).

Table 2 summarizes the statistical results for each question. Significant statistical differences in accuracy
were found in questions 1, 2 and 3.

Table 2. Analysis of accuracy results

Question Statistic Tukey post hoc analysis Conclusion

Ql [F(2, 46)=11.70, p<0.0001] Tukey Grouping Mean N__ Block Sprocket significantly better
A 7.17 24  Sprocket

Rank B 5.38 24 Bar Chart

Order B 4,96 24 Text Table

Q2 [F(2,46)=7.82, p=0.0012] Tukey Grouping Mean N Display Bar chart signicantly worse
A 11.29 24  Sprocket

MeCtS A 10.96 24 Text Table

Criteria B 9.92 24  Bar Chart

Q3 [F(2, 46)=14.03, p<0.0001] | [TukeyGrouping _ Mean N__Display Sprocket significantly better

Drop One : e

. ar art

Dimension B 7.17 24 TextTable

Q4 [F(2,46)=2.03, p<0.1432] No significant difference

Best

Dimension

Now that the statistical results of the accuracy among the questions have been examined, we looked at the
response times for each question. If the main effects of Display were found to be significant, there is a statistical
difference in the response times among the displays, a Tukey post hoc test was performed to find the significance.
As anticipated, the main effect of Trial (image presentation order) was found to be significant. Images presented at
the beginning of the trial took significantly longer to interpret than those presented at the end of the trial, irrespective
of display type, also known as a learning curve. But the most interesting finding is that the display type significantly
affected the learning curve slope (DisplayxTrial). The statistical results are summarized in Table 3.

Table 3. Analysis of response times

Question Source Statistic (Bold is significant) Conclusion (from Tukey post hoc [not shown])
Ql Display [F(2, 46)= 30.91, p<0.0001] Sprocket significantly better

Rank Trial [F(11,253)=17.44, p<0.0001] | Learning curve existed

Order DisplayxTrial | [F(22,506)=7.99, p<0.0001] Display type significantly affected learning curve
Q2 Display [F(2, 46)= 29.86, p<0.0001] Sprocket significantly better

Meets Trial [F(11,253)=13.27, p<0.0001] | Learning curve existed

Criteria DisplayxTrial | [F(22,506)=2.08, p<0.0001] Display type significantly affected learning curve
Q3 Display [F(2,46)=2.96, p<0.0626] No significant difference

Drop One | Trial [F(11,253)=9.37, p<0.0001] Learning curve existed

Dimension | DisplayxTrial | [F(22,506)=1.98, p<0.0001] Display type significantly affected learning curve
Q4 Display [F(2, 46)= 8.85, p<0.0001] Text table significantly better

B?St ) Trial [F(11,253)=12.41, p<0.0001] | Learning curve existed

Dimension ["pigplayxTrial | [F(22,506)=8.04, p<0.0001] Display type significantly affected learning curve

Because of significance of the DisplayxTrial interactions, the time series results are graphed in Figure 3.
The graphs show the average time each question took to be answered by the operators. Note that the images were
presented in a Latin Squares random order. The x-axis labels are the order the images were presented, i.e., first
image presented, second image presented, etc. The experiment was considered long enough at approximately 15-20
minutes per display for the learning curves to be examined. Without fail, the initial reaction to the bar charts across
all displays had the longest interpretation times and the sprocket tended to have the lowest mean response time over
the course of the experiment. However, interpreting which sprocket had the best value for a given dimension (Q4)
had the text and sprocket supplying similar response times.
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Figure 3. Learning curve for each question

The Sprocket display format offers a spatially compact, concise, single instrument that displays the overall
quality of each route and allows ready comparison of their merits. Rescaling the direction and range of dimensions
masks their exact value details (which can still be displayed by our software as a “roll-over”), converting it into a
less precise value in the angle and radius in the Sprocket. The format exploits the cognitive-perceptual ability to
compare size or areas of objects into the cognitive understanding of a mission route’s absolute and relative merits.
Even more exciting is the Sprocket and the Visual Thinking paradigm from which it was developed, represents only
one member of a class of new display formats that exploits the connection between perception and cognition.
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ASSISTING AIR TRAFFIC CONTROL IN PLANNING AND
MONITORING CONTINUOUS DESCENT APPROACH PROCEDURES
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Delft University of Technology, Faculty of Aerospace Engineering
Kluijverweg 1, 2629HS Delft, The Netherlands

In advanced noise abatement procedures, the approach of an aircraft is optimized to reduce the
noise on the ground. A drawback of many noise abatement procedures is that air traffic controllers
are forced to increase spacing, leading to a significant reduction of runway capacity. A display,
named the Time-Space Diagram, has been developed to assist controllers in metering, sequencing
and merging aircraft flying noise abatement procedures such as the Continuous Descent Approach.
Although initial tests were promising, it was recommended that the information could be enhanced
by supporting common controller spacing techniques. The improved display was tested in an exper-
iment, in both low and high traffic rate scenarios. Results indicate that the use of the new display
results in a significant reduction of controller workload. It also led to a reduction of the number of
instructions to the pilots, suggesting a reduced workload on the flight deck as well.

Noise abatement procedures can significantly reduce the noise impact of aircraft during approach (Clarke,
2000; Erkelens, 2002). Unfortunately, the decrease in runway capacity that accompanies Continuous Descent Ap-
proach (CDA) procedures restricts the implementation of these noise abatement procedures (Erkelens, 2002). The
main reason for this decrease in runway capacity is the inability of air traffic controllers to accurately predict separa-
tion between aircraft decelerating at different rates (Reynolds, Reynolds, & Hansman, 2005). As a consequence, to
counterbalance the differencesin approach time, the separation distances between aircraft performing these procedures
are increased substantially (Erkelens, 2002).

Previous research showed that predictions of 4-Dimensional Trajectories (4DTs), shown on an additional
display, could support controllers in providing separation during CDA procedures (Tielrooij, In ‘t Veld, Mulder, &
Van Paassen, 2008). This additional display, the Time-Space Diagram (TSD), shows predictions of 4DTs in two di-
mensions: the horizontal axis indicates the aircraft Along Track Distance (ATD) to the runway, while the vertical
axis depicts the corresponding Estimated Time of Arrival (ETA) at that distance. In-trail separation between aircraft
is then represented by the horizontal distance between two predictions. The initial experimental validation of the
TSD demonstrated its potential value in metering, sequencing and merging aircraft in CDAs (Tielrooij et al., 2008).
Controllers reported, however, a lack of support for their common spacing strategies. In addition, the TSD would not
present conflicts between aircraft on a fixed route and aircraft that were being vectored.

This paper describes the improvements made to the TSD, and the results of a controller-in-the-loop experi-
ment that was conducted to quantify the effects of this display on operator performance, workload and the safety of
operation.

The Time-Space Diagram

To make use of 4D trajectory predictions (either sent to the ground or computed on the ground), they have
to be presented to the controller in a meaningful way. The Plan View Display (PVD) gives the current positions of
aircraft but is not suited to display each aircraft's future trajectory, because on the plan view these would all overlap.
An additional tool could provide the controller with a visual presentation of the future trajectories of aircraft from the
current moment down to the runway. The Time-Space Diagram (TSD) provides this visual presentation, see Figure 1.

For each aircraft, the TSD shows the ATD to the runway on the horizontal axis and the ETA on the vertical
axis. The connecting line represents a prediction for the future trajectory of that particular aircraft. Each point on
the line corresponds to the ATD to the runway versus the predicted time of arrival, at that distance. The slope of the
prediction line is an indication for the ground speed of an aircraft. Aircraft flying at a lower groundspeed will have
a steeper prediction line than aircraft flying at a higher groundspeed. The space between two prediction lines shows
the separation between the two aircraft. The horizontal dimension of this space represents the difference in ATD, the
longitudinal separation if these two aircraft are on the same track to the runway (which may not be the case). The
vertical dimension of separation space indicates the separation in time.
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Figure 1: A schematic representation of the TSD (initial design)

Improving the TSD

One of the factors constraining the use of the initial TSD is the presentation of information(Tielrooij et al.,
2008). The original and the improved versions are shown in Figure 2. The following changes were hypothesized to
make the TSD more clear and self-explanatory.

Layout of the TSD

In the initial layout of the TSD the horizontal axis, representing the ATD, is located at the bottom of the
screen, right above the routes, see Figure 2(a). According to the principle of pictorial realism, it is important that the
diagram is analogous to the controller's mental model of the system and the physical system itself (Wickens, 1992).
Placing the horizontal axis at the top of the screen (underneath the routes) and flipping the vertical axis results in
a prediction line that suggests a descending aircraft. The slope of the prediction line is then compatible with the
controller's mental model of an aircraft performing a CDA, even though the slope of the prediction line does not
represent the vertical speed of the aircraft.

Use of Transparency

Subjects involved in the initial validation of the TSD reported that the representation of conflicts on the
display was often considered problematic (Tielrooij et al., 2008). One of the main problems was overlap: when a
conflict occurs, two separation areas overlap and on top of that a red conflict area will be drawn, making the individual
predictions hard to distinguish. To solve this issue, transparency is introduced on the TSD. Separation areas and
conflict areas are made transparent to a level that in case of a conflict, both the involved separation areas, the prediction
line underneath and the conflict area on top, are visible.

Use of Color

On the initial TSD the use of color was limited: separation areas were colored light gray and conflict areas
were colored red. All other objects were black and the background was gray. Color, however, could add another
dimension to the TSD. In addition, colors could make the TSD more compatible with the PVD, thereby improving the
mental model of the controller.

Supporting Spacing Techniques on the TSD

Part of this research was the analysis of the effects common spacing instructions have on the predictions
shown on the TSD and how these common spacing strategies would solve a conflict (Tielrooij et al., 2008). The
spacing strategies were divided into three categories based on their effects on the 4D trajectory: speed adjustment,
changes to the planned route, and temporarily abandoning the planned route.
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(a) original TSD (b) improved TSD

Figure 2: Screenshots of the initial and the improved TSD.

Speed Adjustment

When two aircraft tend to become too close to each other, the controller can instruct the trailing aircraft to
reduce its speed in order to increase separation. The rate at which spacing increases depends on the difference in speed
between the leading and trailing aircraft. On the TSD, the slope of a prediction line indicates the speed of the aircratft,
i.e., a speed reduction will lead to an increase in the slope. This results in an increase in ETA, while the ATD remains
the same.

Change to the Planned Route

Another solution to increase separation between two aircraft is a change to the route of one of the aircraft.
This can be done in two manners: 1) by giving the aircraft a direct instruction to a waypoint further down the route,
or, 2) by giving the aircraft the instruction to enter a holding pattern. The waypoint instruction results in a decrease in
the ATD, which means that the prediction will shift to the right on the TSD. The holding pattern instruction results in
the addition of a specific amount of time to the ETA.

Temporarily Abandoning the Planned Route

Temporarily taking flights off the planned route is an often used strategy to increase separation. The pilot
receives a heading instruction (vector) from the controller, which should be followed until enough separation is attained
and the pilot is instructed to return to the planned route. However, when an aircraft deviates from its fixed lateral
trajectory, the ATD is no longer defined. For the TSD, the ATD is then predicted at the present position and heading,
assuming that the aircraft will return and continue the route at that point.

The advantage of this technique is that the controller will continuously receive an indication of the separation
on the TSD. When a heading has been instructed by the controller, he/she can watch the TSD and instruct the aircraft
to proceed with the approach when sufficient separation is predicted. The increase in ATD depends on two variables:
moment of return and deviation angle. A large deviation angle increases the ATD amount of time. An early moment
of return will lead to a small increase in ATD.

Experiment

To test the effects of the TSD an experiment has been performed in which controllers perform their task
both with and without the additional display. The experiment further aimed at determining the effects of different
scenarios on controller performance and workload. An important goal of the experiment was to receive feedback from
controllers on the adapted display design.
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Method

Subjects and InstructionEight professional air traffic controllers participated in the experiment. The expe-
rience of the controllers ranged from 18 to 38 years. During an extensive briefing, subjects were instructed on the
airspace, approach procedure, and the TSD. Subsequently, 90 minutes of training with different display configurations
and traffic rates prepared the controllers for the actual experiment. The task of the subjects was to provide ATC ser-
vices to approaching traffic whill aircraft performed a CDA procedure. To do this efficiently and safe, the subjects
could use the following instructions: Speed reductions to a minimum of 180 kts in steps of 10 kts, vectors, directs to a
specified set of waypoints on the routes, and approach clearance.

ApparatusThe apparatus is based on the air traffic simulation in(Tielrooij et al., 2008). For this project not
only the TSD was further developed, the ATC simulator was improved as well.

Aircraft, Airspace and Atmosphefoint mass models of three different aircraft types were used: Airbus
A321-100, Boeing B737-800 and B747-400, all at their maximum landing weights. To prevent the controllers from
applying routine approach operations, learned through years of training and experience with a particular airspace, the
airspace had to be unfamiliar. The airspace, airport and routes in the simulator were loosely based on the situation
at Sydney’s Kingsford Smith Airport, Australia. Approach routes were adapted to provide merging points and space
for controller actions. The atmosphere was simulated as an International Standard Atmosphere (ISA) using the ISA
relations up to 20,000 m and a logarithmic wind profile.

Independent VariableBrvo independent variables were defin@dsplay configuratior{three levels: baseline
PVD, PVD+TSD, and PVD+TSD) andtraffic rate (three levels: 15 aircraft per hour, 30 aircraft per hour, and 35
aircraft per hour).

Experiment Design and Proceduédter the briefing and training, the measurement phase started. The mea-
surement phase consisted of three blocks; one block for each display configuration. The blocks were randomized
using a Latin square matrix to eliminate learning and boredom effects. To further cancel out these effects, the sce-
narios within a block were randomized as well and breaks were added in between. Before the start of each scenario,
controllers could observe the traffic for a while to adjust to the scenario. After each scenario, subjects had to fill in a
NASA Task Load indeX (TLX) (Hart & Staveland, 1988) form. At the end of the entire experiment a questionnaire
was completed by the subjects.

Dependent Measurekhe effects of the TSD were evaluated in terms ofpé&jformancemeasured by the
difference between ETA and ATA and the number of instructions given by the controller to the blip drisafeR)
measured by the the number of conflicts (loss of separation), andr8)oad measured using NASA TLX.

Results
Performance

Delay Figure 3 shows the results for the average delay per aircraft. ANOVA results for the complete ex-
periment show that the delay per aircraft was not significantly affected by an increase in traffig;rates 2.240,
p > 0.05. ANOVA results also show that no significant effect was found from the type of display on the delay per
aircraft, F» 14 = 0.117,p > 0.05.

InstructionsFigure 4 shows the results for the number of instructions per aircraft. ANOVA results show that
with an increase in traffic rate, the number of instructions per aircraft did not significantly chénge= 1.250,
p > 0.05. Mauchly’s test indicated that the assumption of sphericity had been violated for the effects of display
configuration,x?(2) = 7.680,p < 0.03. Therefore degrees of freedom were corrected using Greenhouse-Geisser
estimates of sphericitye (= 0.581). The results show that the number of instructions per aircraft were significantly
affected by the display configuratiof; i61,8.130 = 5.271,p < 0.05. A post-hoc test revealed that this effect can be
found between two groups, the cases with additional display (TSD and Y& without additional display (PVD).
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Figure 3: Results for the amount of delay
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Figure 4: Results for the number of instructions

Safety

During the experiment only three actual conflicts occurred. Two of these, however, were caused by bugs in
the simulator software, related to unstable predictions. On the TSD, the aircraft seemed to be in conflict, while on the
PVD there was sufficient separation. Therefore, these two conflicts could be neglected. Hence, the results on safety
indicate that the display configuration will have no influence on the amount of conflicts.

Workload

Figure 5 shows the results for the z-score of the weighted NASA TLX subjective workload assessment.
ANOVA results show that an increase in traffic rate had a highly significant effect on the experienced warklgad,
= 25.090,p < 0.01. A post-hoc test indicated that this effect can be found between the low (15 ac/h) and high
traffic rates (30 and 35 ac/h). ANOVA results also show that with the change of display configuration the workload
significantly decreased, 14 = 9.944,p = 0.02. A post-hoc test revealed that this effect can be found between two
groups, the cases with additional display (TSD and T%8&nd without additional display (PVD).
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Figure 5: Results of the normalized NASA TLX ratings

Conclusions

By depicting the along track distance versus the estimated time of arrival, the Time-Space Diagram uses 4-
dimensional trajectory predictions to present the in-trail separation between aircraft. An experiment was conducted
to analyze the effects of the Time-Space Diagram on safety, controller performance and workload. Results show that
the Time-Space Diagram significantly reduces controller workload and number of required instructions per aircraft for
CDA procedures. No significant effects were found on delay and safety. The availability of additional predictions rep-
resenting hypothetical instructions were found to have no significant results on the performance, safety and controller
workload. Controllers who used these hypothetical predictions, however, stated that planning became easier.
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The roles and responsibilities of air traffic controllers and pilots are shifting in the advent
of the NextGen air traffic management infrastructure, which also involves high levels of
automation. It is important to understand just how large departures from the current
ingrained practices the NextGen procedures represent, particularly in extremely safety-
critical tasks such as airborne conflict resolutions. Pilots’ conflict resolution maneuver
preferences have received some attention, but corresponding research on air traffic
controllers’ practices is almost nonexistent. We analyzed 87 samples of aircraft track data
involving conflict alerts and subsequent resolution maneuvers from Atlanta center.
Vertical conflict resolution maneuvers were used in the majority of the cases examined.
Within the vertical dimension, reductions of current vertical change (climb or descent)
were collectively the most frequent resolution maneuver type, but descents were twice as
frequent as climbs. Conflict resolution maneuvers furthermore do not seem to be
independent from conflict geometries.

The NextGen air traffic control (ATC) and -management (ATM) technologies and procedures will
fundamentally change the roles of pilots and air traffic controllers as well as their tasks and task environments. The
putative increases in the system capacity and efficiency will be achieved through extensive use of automation,
including automated conflict alerting. Although there is already much experience of such systems in both ATC
(Conflict Alert, or CA; Nolan, 1998) and in cockpits (Traffic Alert and Collision Avoidance System, or TCAS;
Bliss, 2003; Chappell, 1990), procedures for shared conflict avoidance and resolution are still being designed. As
researchers and designers consider the implications of these procedures, it is imperative that they remain harmonious
with controllers’ current techniques of managing traffic and in particular with ingrained separation maneuvers used
in response to potential midair conflicts. It is especially important to avoid generating pilots’ rules-of-the-road for
self-separation, or automation-based conflict avoidance advisories that are at odds with current ATC conflict
avoidance techniques. This paper describes an effort to determine the maneuver stereotypes of en route controllers'
responses to conflict alerts in operational conditions.

Pilots’ Maneuver Preferences

A fair amount of research has been devoted to examining conflict resolution maneuver stereotypes among
pilots (e.g., Alexander, Merwin, & Wickens, 2005: Thomas & Rantanen, 2006; Thomas & Wickens, 2008). This is
primarily due to the criticality of collision-avoidance maneuvering in response to airborne collision detection
systems (e.g., TCAS and Cockpit Display of Traffic Information, or CDTI), often under severe time constraints
(seconds) and without coordination with ATC or other aircraft in the vicinity. Note, however, that TCAS always
prescribes a maneuver, and it is assumed that if pilots respond at all, they will always comply in a vertical direction
specified by the TCAS algorithm. This in contrast to the CDTI, where maneuver choice is up to the pilot as the
direction of conflict resolution is not envisioned to be explicitly commanded by the automation. Research on CDTI
generally reveals that pilots tend to prefer vertical maneuvers over lateral ones, reflecting perhaps the greater
expediency and reduced complexity of such maneuvering (Thomas & Wickens, 2008). However the data are
somewhat ambiguous regarding the extent to which the particular geometry of a conflict dictates the direction of a
maneuver. Some faint trends were observed by Thomas and Wickens, revealing that head-on conflicts (versus
crossing or overtaking) tended to induce relatively more lateral maneuvering.
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Air Traffic Controllers’ Maneuver Preferences

Investigation of conflict avoidance maneuver preferences among air traffic controllers is substantially more
difficult than research on pilots’ preferences. There are several good reasons for the paucity of empirical research on
this topic, many of which emphasize the differences between pilots’ and controllers’ tasks and task environments,
even at the dawn of the era of distributed control and shared separation responsibility. The main difference between
pilots’ and controllers’ separation responsibilities under mature free flight or NextGen operations is that pilots are
primarily concerned about their own aircraft and their attention extends little beyond those other aircraft that pose an
immediate or near-immediate threat of loss of separation. Air traffic controllers must concern themselves with the
‘big picture’ and traffic flows rather than individual aircraft pairs. Their goal is to create conflict-free traffic flows
such that they do not need to devote undue attention to individual conflicts. Also, controllers are always responsible
for a much larger number of aircraft that any pilot in any situation, and effective management of their own workload
is critical to their performance. However, the CA data examined here clearly represent exceptions to this general
modus operandi and may reveal different conflict resolution patterns that are closer to pilots’ demonstrated
preferences.

There are very few laboratory studies on controllers’ conflict resolution maneuver preferences, and results
from such settings must be evaluated against the particular experimental conditions and airspace designs. Rantanen,
Yang, and Yin (2006) examined controllers’ separation preferences in a simulator study with a simplified airspace
and traffic patterns. Vertical separation (i.e., commanding planes to climb or descend, or remain at an intermediate
altitude) was much preferred over vectoring (lateral maneuvers). Controllers have also been shown to prefer the
vertical dimension for separation in other contexts (Rantanen & Nunes, 2005). Vertical (altitude) or longitudinal
(speed) maneuvers typically preserve traffic flows along regular routes and thus reduce the ‘problem space’ for the
controller along those, simplifying their monitoring task. The maneuver preferences observed by Rantanen et al.
(2006) undoubtedly reflect the very constrained and relatively small airspace used in the simulation with little room
for vectoring (i.e., lateral maneuvering) and few opportunities for routing changes.

Purpose of the Study

In spite of the importance of this topic for aviation safety, and in particular for understanding how
controller’s tendencies may either reinforce or contradict pilot tendencies, no data appear to exist regarding the
actual controller conflict avoidance behavior with live traffic. The intent of this paper is to bring insight to this
process, using the operational ATC en route data from controllers responding to conflict alerts at five Air Route
Traffic Control Centers (ARTCCs), with emphasis on one large one (see Wickens et al., 2008 for details). Our focus
is on two key aspects of the data: (1) what tendencies to controllers show in terms of instructing lateral versus
vertical maneuvers, and, within the latter category, climbs vs. descents, and (2) how are these tendencies mediated
or influenced by the particular geometry of a conflict. A third aspect of these data pertaining to how controller’s
responses are mediated by alert reliability (e.g. false alert rate) is reported in detail by Wickens, Rice, Keller,
Hughes and Hutchins (2009) in this volume

Method

This research was done on a subset of data from a greater research effort, involving a large set of conflict
cases from five ARTCCs: Houston (ZHU), Indianapolis (ZID), Salt Lake City (ZLC), Los Angeles (ZLA), and
Atlanta (ZTL). Much of the results reported in this paper is based only on the data from ZTL, which was the only
center thus far receiving a geometry x maneuver contingency analysis. However, overall maneuver data
(independent of contingency analysis) was available from all five centers, and are reported below. These data were
originally provided to researchers at the Federal Aviation Administration (FAA) Technical Center (Allendoerfer,
Friedman-Berg, & Pai, 2007) for analysis, and to us by the FAA in cooperation with National Air Traffic Controllers
Association (NATCA). Data for each aircraft pair in conflict consisted of predicted point of closest approach, time
of alert, and the radar tracks and altitudes of the aircraft, allowing for analyses of the actual conflicts as they were
played out (see Wickens et al., 2008, for details). Alas, these data could not be linked to voice transcripts for
additional detail (see Allendoerfer et al., 2007).

Each single conflict was defined as an encounter between two aircraft in a pair, which triggered at least
one CA (repeated CA onsets for a given encounter might occur as a given pair went in and out of conflict). For each
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case, approximately six minutes’ worth of actual track data of the two aircraft in conflict were recorded; these track
data included the x- and y- (latitude and longitude) and z-(altitude) coordinates sampled every 10 seconds. These
coordinates were plotted separately for horizontal and vertical trajectories, from where the conflict geometries and
maneuvers performed to resolve the conflict could be determined visually. The geometries were classified into three
vertical and three horizontal categories; in addition, five classes of maneuvers were defined.

Vertical geometry. The relative vertical behavior of the two aircraft in a pair prior to the alert was
categorized as either converging vertically, where one aircraft was climbing and the other descending, or parallel
climbs or descents, or both aircraft level.

Lateral geometry. Aircraft trajectories in the horizontal plane were classified into three categories, either
converging, diverging, or parallel. In the case of parallel tracks, one aircraft was often overtaking the other. Parallel
approaching tracks (e.g., near opposite headings) were classified as 'converging'. Note that diverging lateral tracks
could trigger a CA if these involved more rapid convergence on the vertical axis, such that an LOS on the altitude
dimension (< 1000 ft) would occur before separation on the lateral dimension (5 miles) is obtained. Note also that
vertical and lateral geometries were both applied to every conflict.

Maneuvers. Maneuver type was subdivided into five classes: descend, reduce descent for an aircraft already
in descent (e.g., a level off of a descending aircraft), climb, reduce climb, and turn. Either an increase descent or
increase climb was simply categorized as a descent or climb, respectively. In the case of joint maneuvers in both the
lateral and vertical axes, the CA was assigned to the category of that maneuver which occurred first (earliest). We
also reiterate that inferences of an instructed maneuver were made solely from trajectory changes following the CA,
since we had no direct access to corresponding voice transcripts (but see Allendoerfer et al., 2007; Friedman-Berg,
Allendoerfer, & Pai, 2008). These data were tabulated and analyzed by y’-tests for independence.

Results

The maneuvers controllers instructed in response to the impending conflict or as prompted by the CA, as
inferred from the aircraft trajectory plots, are depicted in Table 1. A 3° goodness-of-fit test on all maneuvers across
the five centers (with a null hypothesis of equal proportions of maneuvers) showed significant differences between
the five classes of maneuvers, (4, N =277) = 60.38, p <.001.

Although turns constitute the most frequent single category (36%), these lateral maneuvers occurred much
less frequently than those involving vertical trajectory change. This vertical maneuver domination was similar to
that observed in the previous report and is also consistent with the integrated findings of studies of aircraft (e.g.,
pilot initiated) conflict avoidance (Thomas & Wickens, 2008).

Descents were commanded twice as frequently as climbs (7% vs. 14%), but modifications to vertical
transitions already in progress were equally divided between reductions of climbs and reductions of descents.
Collectively, the latter were the most frequent maneuvers. These trends may reflect controllers’ concern of the
overall fuel efficiency of flights; descending an aircraft is much more fuel efficient than climbing the aircraft beyond
its planned altitude, and reductions to climbs and descents already in progress are minimally disruptive to pilots.

Table 1. Maneuver frequencies across five ARTCCs from where conflict resolution data were obtained.

Maneuver

Center Climb Descend Reduce Climb Reduce Desc. Turn All

ZID 3 (3.37%) 24 (26.97%) 22 (24.72%) 14 (15.73%) 26 (29.21%) 89
ZHU 1 (3.70%) 2 (7.41%) 8 (29.63%) 3 (11.11%) 13 (48.15%) 27
ZLA 3 (5.88%) 4 (7.84%) 10  (19.61%) 4 (7.84%) 30 (58.82%) 51
ZLC 3 (13.64%) 1 (4.55%) 7 (31.82%) 9 (40.91%) 2 (9.09%) 22
ZTL 11 (12.50%) 9 (10.23%) 10 (11.36%) 30  (34.09%) 28  (31.82%) 88
All 21 (7.58%) 40 (14.44%) 57  (20.58%) 60 (21.66%) 99 (35.74%) 277
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Our in-depth analysis of contingency between geometry and maneuver was carried out only on 97 CA
cases from ZTL. For nine of these there was no maneuver, suggesting that these were false alarms. This roughly
10% non-response rate parallels that reported in the full data set of 497 CA’s; the reasons for this are discussed in
the Wickens et al. (2009) paper in this volume. Given that the remaining 89 cases involved CA, we expected that
most aircraft trajectories would converge. Indeed, a total of 71 aircraft pairs were on either horizontally or vertically
converging trajectories and 54 were converging both horizontally and vertically. Conflict resolution maneuvers were
more evenly distributed among the maneuver classes. In the majority of cases, controllers either restricted an
aircraft’s climb (N = 30) or turned the aircraft (N = 28). These data are consistent with the full analysis of the larger
5-center data set, which revealed that vertical maneuvers dominated turns and within the former, reduced climbs
were the most prevalent. In particular maneuvers exploiting gravity (reduced climbs and descents) dominated those
opposing gravity (climbs and reduced descents) by a ratio of over 2:1.

Contingency Between Geometry and Maneuver Types.

We have discussed the ‘main effects’ of maneuver type and geometry above (e.g., analyzing the frequency
of these categories, independent of the other). Here we focus our discussion on the interaction, or contingencies
between the geometry, as perceived by controllers on their display, and the types of maneuvers that were instructed.
We examined these contingencies by »° tests for independence. Two contingency tables were created for vertical
and lateral geometries and corresponding maneuvers and their combinations. To create these tables we used the
three vertical conflict geometry classes and collapsed maneuver classes also into three: turn, [climb or reduce
descent], and [descent or reduce climb], for a 3 x 3 table. The rationale for collapsing within the vertical maneuvers
was the commonality of the two that worked against gravity, and the two that worked with gravity, as described
above.

The results for the vertical geometries approached significance, 74, N = 87) = 8.67, p = .069. The cause of
this non-independence is apparent from the data in Table 2; while climbs and reduced descents made up
approximately 22% of all maneuvers, these were particularly unlikely to occur in converging vertical geometries (N
= 8; 14% of the time). They were also overall disproportionately rarer than other maneuvers, possibly reflecting their
fuel inefficiency and disruptive nature for pilots.

Table 2. Counts of different maneuvers by vertical conflict geometries (expected values in parentheses).

Maneuver
Vertical Geo. Climb Desc. Turn Total
Converging 8 (13.333) 28 (26.00) 22 (18.667) 58
Level 4 (2.299) 4 (4.483) 2 (3.218) 10
Parallel 8 (4.368) 7 (8.517) 4 (6.115) 19
Total 20 39 28 87

Similarly, three horizontal geometries (converging, diverging, and parallel) were analyzed against the
aforementioned three maneuver categories in another 3 x 3 table (Table 3 below). The results were not significant,
(4, N =86) =3.72, p = .44, but there appears to be a certain degree of dependence between lateral geometry and
maneuver tendencies. Turns were much more frequent in converging than in parallel geometries (35% vs. 20%). In
both of these analyses some very small expected values (< 5) are noteworthy.

Table 3. Maneuver counts by horizontal conflict geometries (expected values in parentheses).

Maneuver
Horizontal Geo. Climb Desc. Turn Total
Converging 15  (14.419) 25 (28.116) 22 (19.465) 62
Diverging 0 (0.930) 3 (1.814) 1 (1.256) 4
Parallel 5 (4.651) 11 (9.069) 4 (6.279) 20
Total 20 39 27 86
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We performed one more analysis on combinations of vertical and horizontal geometries (converging—
converging, converging—nonconverging, nonconverging—converging, and nonconverging —nonconverging)
against the aforementioned three maneuver categories in a 4 x 3 table (see Table 4 below). The test for non-
independence was significant, 76, N = 86) = 13.43, p = .036. Turns, representing only 31% of the maneuvers
overall, were disproportionately more frequent on geometries with convergence in both axes (40%). Here, we
encountered some very small expected values.

Table 4. A contingency table for combinations of vertical and horizontal conflict geometries and corresponding
resolution maneuvers (expected values in parentheses).

Maneuver
Vertical, Horizontal Geometry Climb Desc. Turn Total
Converging—Converging 7 (10.93) 21 (21.31) 19 (14.76) 47
Converging—Nonconverging 1 (2.33) 7 (4.53) 2 (3.14) 10
Nonconverging—Converging 8 (3.49) 4 (6.80) 3 (4.71) 15
Nonconverging—Nonconverging 4 (3.26) 7 (6.35) 3 (4.40) 14
Total 39 27 86
Discussion

In ATC workload management is one of the most critical skills for a successful controller. Consequently,
controllers’ techniques exhibit certain economy. For example, maintenance of traffic flows is less mentally taxing
than keeping track of individual aircraft, and vertical maneuvering is less disruptive to traffic flows than lateral
maneuvering. Hence, our results are not entirely surprising: vertical conflict resolution maneuvers (climb, descend,
restrict climb or descent) were used in the majority of the cases we have examined. Such maneuvers are often the
best solutions to conflicts, especially if the aircraft involved are already in vertical transition. Indeed, reductions of
current vertical change (climb or descent) were collectively the most frequent resolution maneuver type. On the
other hand, climbs and restricted climbs were the least frequent maneuvers overall in all of our analyses, reflecting
the disruptive nature and fuel inefficiency of such maneuvers working against gravity. In the few conflict geometries
where they were used in the majority of cases, the difference to other maneuver types was very small. Within the
vertical dimension, descents that exploit gravity were twice as frequent as the climbs that oppose it.

We also discovered some indications that conflict resolution maneuvers are not independent from conflict
geometries preceding them. Climbs or restricted descents were disproportionately rare in vertically converging
geometries, while turns, despite their overall small proportion were frequently employed in resolution of conflicts
with converging geometries. We expect these trends to become more salient when the full data set from all five
ARTCC:s is analyzed, and in much greater detail than was possible here.

It should be kept in mind that 86 cases is not a very large data set when it is divided into 9 or 12 cells in
contingency tables. However, the trends apparent in the raw numbers are quite clear and robust. The results reported
here are only the first fruits of a continuing research effort, however. We are performing similar analyses on the data
from all five centers, and expect to gain a much more detailed insights into controllers’ maneuver choices as well as
statistically more significant results than here, with only about 20% of the data analyzed. Categorical analysis is
common and undeniably valuable way to examine safety data, but its limitations must be acknowledged. Conflict
geometries exhibit enormous variability and any classification system necessarily includes very different situations
warranting different maneuver choices into the same categories. While this will be less of a problem with the full, 5-
center data set, we are also going to treat geometries as a continuous variable allowing more fine-grained
measurement of their characteristics.

Finally, we would like to make a case for detailed analysis of operational data, which can reveal patterns
and behaviors that could never emerge in simulated laboratory experiments. Routine access to data such as reported
here is crucial for the research community to keep up with and contribute to the development of the NextGen
systems.
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We analyzed the extent to which a high false alert rate of the conflict alerting (CA)
system in five ATC facilities was the cause of a “cry-wolf” effect, whereby true alerts of
a pending loss of separation were associated with either controller failure to respond or a
delayed response. Radar track data surrounding 497 CA’s were examined and from these
we extracted information as to whether the alert was true or false, whether a trajectory
change was (response) or was not (non-response) evident, whether a loss of separation
occurred, and the controller response time to the CA. Results revealed an overall 47%
false alert rate, but that increases in this rate across facilities was not associated with
more non-responses or delayed responses to true alerts, or loss-of-separation. Cry-wolf
appeared to be absent. Instead, desirable anticipatory behavior indicated that controllers
often responded prior to the conflict alerts.

In June 2006, the National transportation and Safety Board documented a series of accidents -
controlled flight into terrain, and mid-air collisions - in which the minimum safe altitude warning (MSAW)
and conflict alerts, respectively, announced a pending collision (NTSB, 2006). However, controllers failed to
respond or intervene to prevent the accident. Furthermore, anecdotal evidence from a specific accident (midair
collision of two Cessna aircraft near San Diego), and from other interviews with controllers (Ahlstrom &
Pasnjwani, 2003), suggested the prevalence of controller experience of the “cry wolf” effect (Breznitz, 1983).
The “cry wolf” effect is a general syndrome whereby excessive alarms, many of them seemingly unnecessary
to the operator (e.g., “false alarms” or “false alerts™), lead to a distrust in the alarm system, and a disregarding
of (or late response to) some true alarms.

Linking this well observed phenomenon to the findings of missed alerts in the NTSB study suggests
that there may be a causal connection between the two. When examining false alerts in predictive collision
alerting systems, certain features of time-dependence (Kuchar, 2000) make these different from other alerts
such as cockpit engine warnings (Dixon & Wickens, 2006). In particular, inherent in any dynamic system in a
noisy environment subject to cross winds, turbulence, and pilot control inputs, is the problem that prediction
becomes less accurate with increasing look-ahead time. Furthermore, an alert may be “false” for two reasons;
it may actually predict a loss of separation but extrapolation of the trajectory indicates that an LOS will not
occur; or it may correctly predict an LOS, but a subsequent trajectory change (in response to a controller
instruction) is implemented so that no LOS is observed. Finally, true “misses” are very rare in CA systems;
but these are more often manifest as delayed alerts. Clearly if the alert is delayed so long that there is little
time to maneuver the aircraft away from the separation loss, such an event can be seen as equivalent to a miss.

A general conclusion from research which has examined false alerts, when humans can monitor the
data in parallel appears to be that, while misses may be catastrophic in a system in which there is no human
backup to monitor the raw data in parallel, in systems that allow such parallel human-machine monitoring
(Parasuraman, 1987), false alarm-prone systems may often be worse (Dixon & Wickens, 2006; Dixon,
Wickens & McCarley, 2007; see Wickens, Levinthal, & Rice, in press, for a summary). This may be
particularly true in high workload multi-task circumstances since a false-alarm prone system may not only
cause ignorance of true alerts, but, when such alerts are responded to, this response can be quite disruptive of
concurrent tasks; either as a result of carrying out the unnecessary alarm-triggered action or of the need to
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cross check the raw data to establish that the alarm was indeed false. In a further argument for a higher
threshold, in many predictive alerting systems such as the conflict alerts studied here, a higher threshold does
not necessarily translate to more missed events, but only to a later alerting of true events (a much less
catastrophic outcome). Indeed if this alerting look-ahead time still provides adequate time for humans to
respond, then the benefit of reducing false alarms would more than offset the shorter time period between the
alert and the occurrence of the forecast event (e.g., the pending collision).

The purpose of the current study was to seek evidence for the FA-caused cry-wolf phenomenon from
live or “naturalistic” data across five air traffic control facilities in which controllers responded to mid-air
conflict alerts (CA’s), and across which the CA false alert rate varied. Such live ATC data have never before
been examined in this fashion; although it parallels the analysis of weather forecasters (Barnes, et al., 2006),
pilots (Bliss, 2004), and health care practitioners (Xiao, et al., 2004), responding to imperfect alerting systems.
In this process we must first examine performance of the CA system itself, to assess a FA rate, and then
examine the influence of differences in this rate on behavior of the controller, and performance of the
controller-CA (human-automation) system as a whole.

In the current research, we addressed the hypothesis that, assuming there to be variability in false
alert rate across ATC facilities, those with the higher FA rate, would show greater evidence for “cry wolf”
behavior: later responses, and/or more non-responses. In addition, we examine other aspects of controller
response to CA’s that are either true or false; in particular considering the properties of the alerting system that
may lead to a loss of separation, and/or lead to desirable anticipatory behavior.

Methods: CA system analysis

The CA system (FAA, 2003) is designed to predict when two aircraft will close simultaneously,
within 5 miles laterally and 1000 feet vertically. Figure 1 presents the schematic for the lateral dimension
only. Such closure is known as a loss of separation (LOS), shown on the left of figure 1. Hence the CA
predicts any LOS that is forecast to occur within a look-ahead time of 75-135 seconds. When the CA system
predicts such an LOS, the data tags on the controllers’ display start to flash. The algorithm underlying the CA
generates a linear extrapolation both on the horizontal (map) plane and the vertical plane, of the current
heading and vertical speed of both aircraft (FAA, 2003).

We were provided data from the FAA for 494 conflict alerts, extracted from the busiest 2-hour
periods from a sample of 2 or 3 days in each of five en-route ATC centers. Such data (distributed across three
different data bases) included for each CA: (1) properties of the pair of trajectories predicted by the CA (e.g.,
predicted point of closest passage, time of alert), (2) the actual radar tracks & altitude of the aircraft (sampled
every 10 sec), and (3) a short analysis of the actual conflict as it was played out (See Wickens, Rice, et al.,
2008, for details). The most important element of this third set was a metric (minmax ratio or MMR)
describing the inverse severity of the conflict. A value of 0 corresponded to an actual collision and a value of 1
was the threshold for a loss of separation. Higher values indicated passage with greater lateral and vertical
separation than the minima. Two key variables provided to us for each center were the “busyness” of the
center (the number of encounters per hour (where “encounter” is the point at which the CA algorithm begins
to examine track pairs), and the number of CA’s during the equivalent period. Table 1 shows these two
parameters across the five Centers (row 2 and 3) along with the ratio in row 4 of the total CA’s to the total
encounters within the center; an estimate of the CA rate. Importantly, Table 1 reveals that what might be
defined as the “CA-rate” in the bottom row did not vary substantially across Centers, in spite of the 8-fold
variation in “busyness”.

Table 1. Basic data from CA systems.

ZLC ZHU ZLA ZTL ZID
1126 1,589 5,529 5679 8,813
22 36 72 435 124

22/4525=.005

124/26440=.004

36/4767=.007

235/38815=006

72/16589=.004
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Results 1: CA system analysis.

For the CA system, we calculated the false alert rate as the proportion of alerts that were categorized as
“false”. As noted above, we also distinguished between alerts (both true and false) when controllers did and did not
impose a trajectory change, as such change was inferred from the radar tracks. When a change was implemented, a
visual analysis was used to extrapolate the pre-change course, to assess if an LOS would have simultaneously
compromised lateral and vertical minima, had the alteration not taken place. This analysis was carried out on ground
track data, an example of which is shown in figure 2. The analysis was carried out by two independent observers for
two of the centers, and by one of these observers for the remaining three.

We examined the computed FA rate as a function of the CA rate (CA/encounter) across the five centers.
Two features became evident from this examination. First, there was considerable variance in FA rate, from a low of
0.28 to a high of 0.58, and on average approximately half of the CA’s were “false”. This allowed us to examine the
cry wolf effect. Second, there appeared to be no relationship between CA rate and FA rate. A separate analysis also
revealed that FA rate did not co-vary with overall traffic density. We also analyzed and categorized the geometry of
the trajectories of the pairs of aircraft entering into each CA, and of the controller responses (e.g., climb, turn); these
analyse can be found in Rantanen & Wickens (2009); and Wickens Rice et al (2008).

Results 2: Controller performance Analysis

Categorical analyses. Before examining the influence of FA rate on manifestations of the cry wolf
phenomenon, it is necessary to identify the overall prevalence of those manifestations in our sample of data. Thus, in
addition to the dichotomization of true versus false alerts discussed above, - characteristics of the automation - we
examined two other important dichotomies which are characteristic of the human (controller): the presence or
absence of a response (as inferred from visual analysis of the track data), and the presence or absence of a loss of
separation (LOS). As noted in the previous section, it was usually relatively easy to identify whether a distinct
change in trajectory was implemented in the time period around a CA (see the descent of the blue aircraft in figure
2), hence allowing inference of the presence and delay of a controller response. However, for a small sample, this
classification became quite difficult and so those trials were not included in the data base.

Our analysis revealed that on roughly 10% of the CA’s there was no evidence for a controller response, at
least as indicated by a trajectory change by either of the two aircraft involved in the CA. These non-responses were
statistically more prevalent when the CA was false (18%) than when it was true (1.5% ){2(1, N=437)=375,p<
.0001). Such a result might be anticipated to the extent that the trajectories triggering a false alarm are, by
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definition, more likely to yield a more distant “closest passage” or miss distance and hence more likely to be
considered by the controllers not to require a trajectory change.

Our analysis also revealed that the LOS rate is, like the non-response rate, approximately 10% of the data
base. Also, it appears that the two types of outcomes are unevenly distributed across the two types of alerts.
Specifically, True alerts are more likely to precede a loss of separation (21%) than are false alerts. (3%; y’(1, N =
373) =20.3, p <.0001) Here too, this is a plausible outcome, given that the true alert will occur on a trajectory pair
that is more dangerous, and hence slightly more likely to yield the ultimate loss of separation, even with a controller
intervention.

We then examined the relationship between controller response and LOS, to establish the extent to which
non-responses might be associated with a LOS. These observations are collapsed over true vs. false alerts. This
analysis indicated that when the controller did not respond, this was very unlikely to produce an LOS (5%; and
those two events were restricted to a single center), whereas such LOS events were somewhat more prevalent when
the controller did respond (9%) although the difference in proportion was not significant. (y’(1, N =380) = .778, p <
.378). We note here that this finding does not necessarily imply that controller responses were counter-productive,
since the vast majority of LOS cases occur on true alerts, where there would definitely have been an LOS had the
controller not intervened with a trajectory change.

Collectively, the above three analyses provide no evidence for the strongest form of cry wolf effect (non-
response leading to a LOS) and indeed the number (2) of such joint events is even less than what the independent
product of the two classes of events might predict (10% NR rate X 10% LOS rate = 1% of the CA events = 4). We
next sought to determine if there was any causal relation between FA rate, as it varied across centers, and either
non-responses or LOS events. Figure 3 shows the scatter plot of FA vs. non-response, and reveals a striking and
pronounced trend: the greater the false alarm rate in the center, the less controllers tended to respond (r = 0.944;
p<.05). However, when the LOS rate was examined as a function of FA rate across Center, there was no trend. This
null effect suggests that the increase in non-responses in the more FA-prone Center were not associated with a
reduction in safe separation.

0.2
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€ o1l ¢ 2D
x & ZTL
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FA Rate

Figure 3: Non response rate as a function of false alert rate.

Response Time. We then examined the second manifestation of the cry wolf phenomenon: the possible
delay in controller response time associated with more FA’s. Interpreting the delay between the CA and the
trajectory change response required consideration of the total transmission lag (TTL).This is the time for the
following processes to occur: (1) controller notices a dangerous convergence; (2) controller chooses a trajectory
change and communicates this to the pilot; (3) pilot confirms and implements the change with flight controls; (4) the
aircraft initiates a sufficient trajectory change to be evident in the radar track This TTL is estimated to be
approximately 20-25 seconds (Allendoerfer & Friedman-Berg, 2007). Our analysis revealed that for about 45% of
the CA’s, controllers must have initiated the trajectory processing (noticing convergence and choosing a maneuver)
before the CA occurred because the RT was less than 25 seconds. Indeed when we examined the distribution of
response times, relative to the CA, we observed a distinct bimodality, with a minimum at around 25 seconds (See
Wickens, Rice, et al., 2008). This bimodality, coupled with the estimate of a 25 second TTL, supported the notion
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that there were two categorically different types of responses: which we labeled anticipatory responses and
reactive responses.

An ANOVA carried out on the In-transformed RT data indicated that, for anticipatory responses, there was
no difference in response time between true and false alerts (p > .10); however for reactive responses, true alerts
were responded to approximately 73-59=14 seconds more rapidly than false responses (t(193) =2.4, p <.02),
reflecting the increased urgency of the former. There was no significant difference in RT between LOS and non-
LOS encounters, so we can reject the hypotheses that the former resulted because of a delay in response time.

An analysis of three centers’ data did reveal a main effect of center, F(2, 154) = 6.78, p < 0.01, with the
highest density center (ZID) showing faster responses (30 s) than either the low (33 s) or mid (36 s) density Centers,
an effect observed for both anticipatory and reactive responses. This effect is noteworthy because, whereas
increasing density might have been anticipated to slow RT because of greater workload, the faster RT for ZID was
observed despite its greater traffic density (See Table 1). Finally, within the non-LOS encounters (MMR > 1.0), we
correlated RT with the value of MMR to test if later responses were responded with closer (but still above minima)
passages. This correlation, examined for the three mid-level Centers was non significant (p > 0.10), suggesting that
controllers did not compromise safety when their responses were delayed.

Finally, we examined the frequency of anticipatory vs. reactive responses for true vs. false alarms.
Analyses of these data reveals that controllers were significantly more likely to anticipate on a true (0.58) than a
false (0.37) alert (y°(1, N=374)=5.08, p =.024). This is a plausible finding because the true alert trajectories
should signal the impending conflict with greater salience in the raw data of the radar displays.

Discussion

The current data provide little or no evidence that the FA-induced cry wolf effect exists for the en-route CA
system, as it is operationally defined by non-response to true alerts, and by later responses to all alerts. More
particularly, false alerts do not appear to be responsible for safety-compromise in the ATC centers whose data were
sampled. The generality and robustness of this conclusion is supported both by the wide range of center busyness, as
well as the large sample size of the data, which provides for powerful statistical conclusions. (That is, the null
hypothesis was not accepted simply because of a small N).

Of course ours was not a true experiment with control exerted across all other aspects of the centers. As in
any correlational study, confounding variables could have contributed to our results. One such potentially
confounding variable is that traffic-induced workload differences between centers could have accounted for effects.
Indeed while this is possible, two factors mitigate concern for this confounding interpretation of the result. First, the
busiest center (ZID) was only in the middle of the range in terms of both false alerts and non-responses (Figure 3). If
we assume busyness is a proxy for workload, then this result would not have been obtained had workload been a
responsible factor. Second, the possible confound with workload would have been more problematic had we found
that a higher FA rate was associated with more non-responses to true alerts, and/or late responses. In that case we
would need to reason as to why workload was not responsible for the effect. But as noted, neither of these
associations were observed.

In terms of why FA-induced cry wolf behavior did not appear to be observed here, we note that, while
false, most of the alerts in the CA system were not wildly off the mark, and thereby signaled a system whose
threshold was set just a little lower than it needed to be, in the conservative interests of preserving safety and
avoiding misses or late alerts. Recently Lees and Lee (2007) have found that such alerts can actually be beneficial to
performance, in confirming that the system is generally functioning well. In the current case, for the large number of
anticipatory responses, one can think of the alerting systems reinforcing the conflict predictions (and trajectory
alterations) that the controllers actually made in advance of the alerting system warning.

Acknowledgments.

This research was supported by grant # from the FAA to New Mexico State University. The authors wish to thank
Kenneth Allendoerfer, Ken Leiden, Krisstal Clayton, and Jill Kamienski for their contributions.

200



References

Ahlstrom, V., Longo, M. , & Truitt, T. (2005). Human factors design guide (DOT/FAA/CT-02-11).Atlantic City, NJ:
Federal Aviation Administration.

Allendoerfer, K. & Friedman-Berg, F. J. (2007). Human Factors analysis of safety alerts in air traffic control. Final
Report DOT/FAA 07/22. Washington D.C.: Federan Aviation Agency.

Barnes, L. R., Gunfest, E., Hayden, M. H., Schultz, D. M., & Benight, C. (2006). False alarms and close calls: A
conceptual model of warning accuracy. Weather and Forecasting, 22,1140-1147.

Bliss, J (2003). An investigation of alarm related accidents & incidents in aviation. International Journal of Aviation
Psychology, 13, 249-268.

Breznitz, S. (1983). Cry-wolf: The psychology of false alarms. Hillsdale, NJ: Lawrence Erlbaum.

Dixon, S. R. & Wickens, C.D. (2006). Automation reliability in unmanned aerial vehicle flight control: A reliance-
compliance model of automation dependence in high workload. Human Factors, 48, 474-486.

Dixon, S. R., Wickens, C. D., & McCarley, J. S. (2007). On the independence of compliance and reliance: Are
automation false alarms worse the misses? Human FAA (2006).

FAA (2003). Common ARTS computer program functional specification for conflict alerts. NAS-MD-632. Wash
DC.: Federal Aviation Administration.

FAA (2007) Human Factors Study of Air Traffic Control Safety Alerts White paper and progress report.
Washington DC: Federal Aviation Administration (2007).

Kuchar, 2001, March 27-29). Managing uncertainty in decision-aiding and alerting system design. Paper presented
at the 6th CNS/ATM Conference, Taipei, Taiwan

Lees, N. & Lee, J. D. (2007). The influence of distraction and driving context on driver response to imperfect
collision warning systems. Ergonomics, 30,1264-1286.

NTSB, (2006) National Transportation Safety Board (NTSB) Safety Recommendation: A-06-44 through —47.
Washington D.C.: NTSB.

Rantenen, E. & Wickens, C.D. (2009) Effects of conflict geometry on controller maneuver selection for conflict
alerts. International Symposium on Aviation Psychology. Dayton: Wright State University

Sorkin, R.D. (1989). Why are people turning off our alarms? Human Factors Bulletin, 32(4), 3-4.

Wickens, C. D., Rice, S., & Levinthal, B. (2009). Imperfect reliability in unmanned air vehicle supervision and
control. In A. W. Evans (Ed.), Human-robotics interaction in future military systems.Brookfield, VT: Ashgate.

Wickens, C.D., Rice, S. et al (2008). Addressing the alert problem in ATC Facilities: Final report. Report 2008-10-
2. Las Cruces NM.: New Mexico State University.

Xiao, Y, Seagull, F.J., Nieves-Khouw, F. Barczak, N., & Perkins, S. (2004). Organizational-historical analysis of the

“failure to respond to alarm” problems. /EEE Transactions on systems, man & cybernetics — part A: systems &
humans. 34, November; pp 772-776.

201



PREDICTING THE UNPREDICTABLE:
ESTIMATING HUMAN PERFORMANCE PARAMETERS FOR OFF-NOMINAL EVENTS

Becky L. Hooeyl, Christopher D. Wickens?, Ellen Salud', Angelia Sebok?, Shaun Hutchins? & Brian F. Gore'

'San Jose State University at NASA Ames Research Center
Moffett Field, California

*Alion Science and Technology
Boulder, Colorado

A parameter meta-analysis was conducted to characterize human responses to off-nominal events.
The probability of detecting an off-nominal event was influenced by characteristics of the off-
nominal event scenario (phase of flight, expectancy, and event location) and the presence of
advanced cockpit technologies (head-up displays, highway-in-the-sky displays, datalink, and
graphical route displays). The results revealed that the presence of these advanced technologies
hindered event detection reflecting cognitive tunneling and pilot complacency effects.

The next generation of the National Airspace System (NextGen; JPDO, 2007) is expected to require new
technology to enable operations such as flexible 4-D trajectories, closely spaced parallel approaches, reduced
aircraft wake vortex separation standards, equivalent visual operations, precision spacing and merging, and tightly-
coordinated taxi operations. Some of the flight deck technologies that are anticipated with the transition to the
NextGen include the use of head-up-displays (HUDs), highway-in-the-sky (HITS) displays, datalink, and graphical
routing information. To ensure that these new technologies and operations are robust to system perturbations
(Burian, 2008), it is important to ensure that they support pilot performance in both nominal and off-nominal
conditions. Off-nominal conditions may range from ‘less-likely but necessary’ operations that are slightly outside
the range of normal operations (such as conflict alerts and unpredicted weather events), to very rare events (such as
aircraft trajectory blunders and equipment failures). An inappropriate response to an off-nominal event can lead to a
cascading effect in the system and disrupt the entire airspace flow. Therefore, a challenge facing the aviation
research community is the need to predict pilot performance in the face of off-nominal events.

Due to the unexpected nature of off-nominal events, the opportunities to collect pilot response data in human-
in-the-loop (HITL) simulations are often limited to one data point per subject, which both limits the ability to draw
valid conclusions and to generalize the findings to other events and scenarios (Wickens, 2001). Human
Performance Models (HPMs) are research tools that have been used to evaluate pilot performance under nominal
conditions and are often cited as a solution to examine off-nominal scenarios (see Foyle & Hooey, 2008). To date,
however, models of off-nominal or unexpected scenarios are limited because insufficient data exist to characterize
performance and populate the models. This research effort aimed to extract and extrapolate data from existing HITL
studies to inform the development of HPMs of off-nominal scenarios. The scope of this research was limited to off-
nominal events with clear, unambiguous onsets and clearly defined responses. It is asserted that human responses to
these types of off-nominal events are human performance primitives that transcend task environments and thus are
inherently well suited for inclusion as inputs to HPMs.

Method

A comprehensive review of the literature identified 26" HITL simulation studies (see References and Gore et al,
2009) that met the following criteria:

e  The study was either a simulation or flight test with human pilots as subjects and sufficient detail was
provided to discern the method used and the performance data

e Subjects had not received training regarding, or been cued to the possibility of, the off-nominal event

e  The off-nominal event was either truly surprising (i.e., one per subject) or very infrequent (e.g., one per
condition)

e The off-nominal event had a clear, unambiguous onset (e.g. warning light onset, traffic on runway) and an
objective, measurable response (e.g., button press, eye glance, or verbal response)

! A total of 34 papers were identified and summarized in Gore et al., (2009), however this paper focuses only on the 26 papers
that provided miss rate data. Gore et al, 2009 also provides analyses of response latencies.
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The review process yielded two types of events: 1) event onsets events, which required pilots to notice the
presence of something such as the onset of a warning light or presence of an aircraft on the runway, and 2) error
detection events, which required pilots to notice a discrepancy in a cockpit instrument or an invalid clearance from
air traffic control (ATC). Both error types were included in these analyses. Events that required diagnosis of
multiple cues, as opposed to simple event detection, were not included.

A parameter meta-analysis was conducted to pool pilot response data across multiple diverse HITL studies to
increase statistical power and generalizability. The term parameter meta-analysis is used, because unlike a formal
meta-analysis that averages effect-sizes across studies, it averages quantitative human performance parameters —
specifically miss rates of off-nominal event detection. Response latencies were also evaluated, however, in most
cases there were inadequate data to reach significance in the meta-analysis. These data are not presented here, but
are available in Gore et al. 2009. The advantage of this parameter meta-analysis approach is that it produces
estimates of response accuracy for each factor (represented as ‘costs’ or ‘benefits’ to the probability of detecting the
event) rather than simply summarizing average miss rate for each particular off-nominal event. This method has
previously been used to evaluate Synthetic Vision System (SVS) displays (Wickens, 2005), and human responses to
imperfect diagnostic automation (Wickens & Dixon, 2007).

Analyses were conducted by pooling the event detection miss rate for common conditions across studies and
weighting the studies by their sample size. For example, if two studies in one condition had miss rates of 1/5 and
30/50, a single proportion for the studies of 31/55 was extracted. Note that this mean proportion is far closer to the
0.60 value of the second study, than the 0.2 value of the first — but using this weighted approach, the resulting value
more closely reflects the proportion of the larger sample size than if both studies had been given equal weighting.
Chi-squared tests were used to assess if the relative frequency count of missed vs. non-missed events was
statistically equivalent across the level of another variable. Subsequently, where appropriate, further chi-square
tests were conducted to determine whether a difference observed might be modulated by a second factor. The
modifications may occur when levels of another factor exert very different effects (i.e., a classic two-way
interaction), and this modulation can be amplified if the N of the different studies contributing to the other factor is
very different at its two levels.

Results

An analysis of the probability of a pilot failing to respond to the off-nominal event (that comprises the miss rate
data), pooled across all available studies and event types, revealed an overall miss rate of 0.32, a value that is
noteworthy for its magnitude above zero. All studies included in our analyses contained a positive indication of the
off-nominal event, that is, the events were clearly visible, and hence certainly could be detected if they were
expected and attention focused toward their location. This detection rate was further examined as a function of: 1)
off-nominal event characteristics and 2) flight deck technology characteristics.

Off-Nominal Event Characteristics: Phase of Flight, Expectancy and Event Location

Three characteristics of the off-nominal events were evaluated: Phase of flight, event expectancy, and event
location. These main effects, and interactions among them, are described below. Event characteristics that were
also moderated by the absence or presence of flight deck technologies will be described in the following section.

Phase of flight. An analysis of miss rate (that is, the rate that pilots failed to detect an off-nominal event)
revealed that across all 26 studies in our analysis, the probability of missing an off-nominal event was highest during
departures (pmiss = -50), followed by cruise (ppiss= .47), arrival/approach (puss=.39), and taxi (pp;ss = .20; X2 3)=
34.61, p <.001). The reader is cautioned in interpreting the departure miss rate, however, as this was comprised of
only one study with eight pilots. These miss rates may reflect an expectancy effect as pilots tend to be more vigilant
and aware of both the traffic environment and their aircraft status during the arrival and taxi phases than in the cruise
and departure phases. They may also reflect a location effect as events during cruise tended to be located on the
instrument panel, but during approach the event tended to be out-the-window (OTW).

Expectancy and event location. The effect of expectancy on pilot detection of off-nominal events was assessed
by comparing the miss rate from the first off-nominal event a pilot experienced to that from all subsequent off-
nominal events. As would be expected, the probability of missing the event was higher if it was the first event
(Pmiss = 0.48) than for subsequent off-nominal events (ppiss = 0.29; % (1) = 24.70 p < 0.001). This produced an
Unexpectancy Cost of 0.19. Next, the off-nominal events across all available studies were classified as occurring
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either OTW or head-down in the cockpit. The probability of missing an event was lower when it was OTW (ppiss =
0.29) than when it was head down (py;ss= 0.39), xz(l) =9.88, p <0.01, yielding a Cockpit Location Cost of 0.10.
The analysis also yielded an interaction between event expectancy and location. There was a large unexpectancy
cost when the off-nominal event was OTW (py;ss for first OTW event = 0.50; p;ss for subsequent OTW events =
0.23; %% (1) =39.86, p < 0.01; OTW Unexpectancy Cost of 0.27) but when the off-nominal event was within the
cockpit, there was no difference in miss rate as a function of expectancy (puss= 0.41 for both). This could reflect
that pilots bring their own knowledge of real-world expectancies to the HITL study since in actual operations the
frequency, and therefore expectancy, of a head-down event is much greater than for OTW events. In other words, in
the simulations, the first cockpit event, was not as truly surprising as the first OTW event.

Flight Deck Technology: HUDs, HITS, Datalink, and Graphical Route Displays

The analyses of pilots’ event detection as a function of the presence of various advanced cockpit technologies
was largely driven in a bottom-up fashion by the available literature. The technologies reflect a range of
technologies that may be incorporated into future advanced cockpits. These include head-up displays (HUDs),
highway-in-the-sky (HITS) displays, datalink, and graphical route presentations.

Head-up display (HUD). HUDs are used in current operations for approach and landing, and may be used in
NextGen for surface operations and to support low-visibility operations. An analysis using six HITL studies
evaluated whether the presence of a Head-up Display (HUD) affected the probability of detecting an off-nominal
event (regardless of event location). The probability of missing an event was higher when the pilots were flying
with a HUD (ppiss = 0.39) than without (puiss = 0.31), %*(1) = 4.13, p<.05. This produced a HUD Cost of 0.08. This
HUD effect was modified by the location of the off-nominal event in a manner that reflects the classic Fischer,
Haines, and Price (1980) finding that the HUD particularly obscures unexpected OTW events (See also Fadden,
Wickens, & Ververs, 1999). When the off-nominal event occurred OTW, the probability of missing the event was
greater when pilots were flying with the HUD (ppyss with HUD = 0.36), than without (pp,ss Without HUD = 0.27; %*
(1) =4.63, p <.05) producing an OTW HUD Cost of 0.09. But, if the event occurred head-down in the cockpit, the
probability of missing the event was lower (though not significantly) when flying with the HUD (pyy;ss with HUD =
.462 than without (pyss Without HUD = .51; xz(l) = .40, p = .53; non-significant Cockpit Location HUD Benefit =
.05%).

Highway-in-the-sky (HITS). A HITS display integrates lateral, vertical, and longitudinal information of the
flight path into a perspective path through the air (Wickens & Alexander, 2009). While it may be presented either on
a HUD or head-down display, it was presented head-down in all ten studies used in our analysis. The probability of
missing an event (all events were OTW) when flying with a HITS display was higher (ppiss = 0.45) than when flying
without the HITS display (pmiss = .22; x*(1) = 31.03, p <.001). This produced a HITS Cost of 0.23, presumably due
to the fact that the head-down HITS reduced eyes-out time and induced cognitive tunneling (Fadden, Ververs, &
Wickens, 2001; Wickens & Alexander, 2009). The HITS cost remained when we consider only the first, truly
surprising OTW event (ppiss With HITS = .55; pyiss without HITS = .33; Xz (1)=17.01, p <.01; HITS Cost for Truly
Surprising OTW Events = .22).

Datalink. 1t is expected that NextGen will include datalink communications between pilots and ATC (JPDO,
2007). A great deal of research has evaluated a range of datalink issues such as pilot workload, situation awareness,
and heads-down time (e.g., Smith, Polson, Brown, & Moses, 2001). Four studies were identified that compared
pilots’ ability to detect an off-nominal event (all events were ATC clearance errors) when presented via datalink
and/or voice. The probability that a pilot missed a clearance error was more than twice as high when the clearance
was presented via datalink alone (ppiss = 0.69) than by voice alone (p,;s = 0.33) and voice with datalink together
(Pmiss = 0.38; x2(2)= 25.73, p<0.001). There was no significant difference in the probability of missing the error
between voice and voice with datalink (x*(1) = 0.12, p = 0.72), so the presence of voice appears to be a buffer, or
error-trapping agent, against clearance comprehension errors (see Hooey, Foyle, & Andre, 2001). (The reader is
cautioned that the data for voice-only clearance errors are limited to 18 subjects from a single study). A comparison
of the voice with datalink and datalink-only conditions yiclded a Datalink-only Cost of 0.31.

2 Costs and Benefits are provided, even when non-significant, as they are expected to be useful for populating HPMs, the
intended purpose of these analyses.
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Next, a distinction was made between those clearances that were inappropriate (such as a clearance to turn onto
an occupied taxiway creating a nose-to-nose conflict) and those that were impossible (such as a clearance to climb to
an altitude below the current altitude). Inappropriate clearances tend to be subtle distinctions that require greater
cognitive processing whereas impossible clearances tend to be more salient and obvious. In looking first at
inappropriate clearances, the probability of missing a clearance error was much higher when the inappropriate
clearance was issued via datalink (py,;ss = 0.85) than when issued by both datalink and voice (ppiss = 0.5;
%*(1)=12.27, p < 0.001; Datalink Cost for inappropriate clearances = 0.35), however, the datalink cost was not
significant for impossible clearance errors (p,;ss With datalink = 0.54; p,;ss with voice and datalink = 0.44; p>0.1;
non-significant Datalink cost for impossible clearances = 0.1. Therefore, the pilots caught the more salient
impossible errors equally often with or without datalink but were hindered by datalink in detecting the less salient
inappropriate errors. This could reflect a criticality difference between the two error types, however there were
insufficient data to test this hypothesis.

Graphical routes. Displays that graphically present route information include electronic moving maps for
airport surface operations (Hooey, Foyle, & Andre, 2001) or flight procedure rehearsal tools (Arthur, et al., 2004),
among others. Four studies were identified that met the meta-analysis criteria and evaluated the effect of graphical
displays on pilot detection of off-nominal events. Surprisingly, there was no main effect of the presence of a
graphical rendition of the clearance on error detection rates. When the clearance (regardless of delivery method) was
accompanied by a graphical presentation within the cockpit, the probability of missing the clearance error was 0.64
as compared to 0.65 when no graphical depiction accompanied the clearance (x*(1)= 0.03, p = 0.87; non-significant
Graphical Route Benefit = 0.01). However, for events in which the clearance was merely inappropriate, but not
impossible, it appears as if the graphical presentation did improve event detection (p,;ss with graphical route= 0.75;
Pmiss Without graphical route = 0.86; %*(1)=3.6, p = 0.057; Graphical Route Benefit for Inappropriate Clearance
Errors = 0.11). The graphical route benefit was not observed for impossible clearances, with the trend in the
opposite direction (pp;ss With graphical route = 0.56; p;s Without graphical route = 0.49; p > 0.1; non-significant
Graphical Route Cost for Impossible Clearance Errors = 0.07).

Discussion

This meta-analysis characterized pilots’ miss rate for off-nominal events as a function of expectancy, event
location, and the presence or absence of various advanced flight deck technologies. It was observed that the miss
rate data produced several plausible and significant effects including:

e An overall miss rate of .32
An unexpectancy cost for first, truly surprising events, especially OTW events
A cockpit location cost
A HUD cost, especially for OTW events
A HITS cost for OTW events
A datalink cost, especially for inappropriate clearances
e A benefit of graphical routes for inappropriate clearances
While the existence of these and other effects confirms prior work, most critically the current analyses provided
robust, stable estimates of their effect size in real-world meaningful units.

An important finding was that the presence of the advanced technologies either hindered off-nominal event
detection as was the case for HUDs, HITS, and Datalink, or failed to show a significant benefit for event detection
as was expected from the graphical routes. These results may reflect cognitive tunneling effects especially for the
HUD and HITS technologies (Fadden, Ververs, & Wickens, 2001; Wickens & Alexander, 2009) and general
complacency effects as has been well documented in Parasuraman, Molloy & Singh (1993). This raises a concern
for NextGen flight deck design and points to the need for careful consideration of both nominal and off-nominal
conditions in the design and evaluation of NextGen technologies and operations. The results of this parameter meta-
analysis reveal insights for the development of countermeasures in terms of training, procedures, and on-board alerts
and warnings to mitigate the failure to detect off-nominal events. For example, it was seen that when pilots have
some forewarning that an event could happen in the simulation studies, the miss rate dropped by 19%. Looking just
at OTW events, the miss rate was 27% if pilots were forewarned of the possibility of the event. This suggests that
training to remind pilots of the possibility of various events (such as runway incursion ‘hot spots’ or areas prone to
bird strikes), or displays that indicate traffic or weather in the area, even if they are accompanied with high amounts
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of uncertainty, may reduce the miss rate. The finding that HUD and HITS both reduced event detection could
suggest the need to mandate that airlines adopt procedures specifying that when one pilot uses the HUD or HITS,
the other pilot must be eyes-out. Finally, the finding that datalink inhibited event detection, especially for
inappropriate clearances, is of concern as these clearance errors are the most difficult for both pilots and automation
to detect. This result may reinforce procedures that the pilots read the datalink out loud within the cockpit to
maximize error detection.

Limitations and Opportunities for Future Research

Each study included in this parameter meta-analysis was conducted with independent research objectives and
therefore all differed on important factors relating to the events, flight scenarios, and measurement techniques. One
inevitable consequence of any meta-analysis is that the diverse studies may differ from each other on variables other
than those used for classification. In some cases this pooling may cause an increase in variance within a category,
diluting the strength of an effect. In other cases, it may cause a confound (e.g., studies with a HUD used, on
average, pilots with more experience than those without). While it might in some cases have been possible to create
an additional category of “experience” (assuming adequate reporting of this variable by the independent researchers)
the danger of creating progressively more classification dimensions is that the number of observations within each
cell becomes so small that statistical comparisons are challenged. A second limitation is that many of the HITL
studies included in the analyses employed a single-pilot, general aviation crew as test subjects. It is possible that
two pairs of eyes in the commercial cockpit could reveal a different (presumably lower) miss rate. Finally, it is
noted that all data were drawn from HITL simulations and there is always the concern that pilot performance in
simulation does not mirror pilot performance in actual operations (see Newman & Anderson, 1994). There is a real
need for continued off-nominal event research to further populate the existing off-nominal database to increase the
robustness and validity of these findings.

Conclusion

By pooling data across disparate HITL studies, many of which lacked statistical power to draw conclusions and
generalize findings when considered individually, we identified several factors that have a robust influence on
human performance in off-nominal environments. Three of the variables reported here (Expectancy, Event Location,
and HITS) were used to validate a model of visual attention (N-SEEV; Wickens et al., 2009) which then was used to
predict pilots responses to off-nominal events in NextGen environments (see Gore et al., 2009). Following HPM
efforts will use a larger set of these meta-analysis findings to populate HPMs with valid estimates of pilot
performance to estimate response time and accuracy to off-nominal events in the Next Generation Air Space System
and to evaluate proposed mitigating solutions.
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NEXTGEN FLIGHT DECK HUMAN FACTORS ISSUES

Ken Funk Robert Mauro Immanuel Barshi
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This paper describes a project to compile, from a literature review and preliminary analyses, an
initial but reasonably comprehensive list of NextGen flight deck human factors issues. It describes
the methodology that was used, presents representative issues from the list that resulted, and
makes recommendations to continue work to update the list and use it as the basis for suggested
NextGen flight deck standards and design requirements.

The goals of the Next Generation Air Transportation System (NextGen) are to significantly increase the
safety, security, and capacity of US air transportation operations. The eight key capabilities deemed necessary to
achieve those goals (JPDO, 2007a) will bring major changes to the flight deck, including Internet-like information
services, access through them to a common weather picture, integration of weather information into flight deck
decision making, negotiated four-dimensional aircraft trajectories, means for equivalent visual operations in low
visibility conditions, delegated self-separation, and equipment and procedures for super-density arrival and departure
operations.

Plans for NextGen development have been driven largely by technology, and human factors considerations
do not appear to be a motivating force behind these and other changes. Thus, the NextGen flight deck could harbor
many vulnerabilities to pilot error, jeopardizing the very goals NextGen is meant to accomplish. While past research
has applied human factors expert opinion to identify general NextGen human factors issues, as yet, little NextGen-
specific human factors analysis has been performed and, to our knowledge, no one has attempted to create a
reasonably comprehensive list of human factors issues related specifically to the NextGen flight deck.

Objectives

The objectives of this project were to conduct a preliminary review of literature and perform preliminary
analyses to compile and organize an initial but reasonably comprehensive list of NextGen flight deck human factors
issues.

Methodology

In the interest of clarity, we defined a NextGen flight deck human factors issue as:

a statement which, if it should become true in the implementation and operation of NextGen, describes a
condition or situation related to flight deck operations in which normal pilot characteristics,
capabilities, limitations, and tendencies are very likely to lead to significant problems with NextGen
effectiveness, efficiency, or safety.

NextGen is in the early stages of development. The issues that we identified are plausible conditions or
situations that could develop as NextGen is implemented and, if they materialize, these issues are likely to lead to
serious problems. Because NextGen is still being developed, we cannot be certain that the situations or conditions
described in the issues will come to be. But based on what we know about the current air transportation system and
plans for implementation of NextGen, they are likely to exist in NextGen unless steps are taken to prevent them. The
purpose of identifying issues at this time is to head off those problems by providing input to good, pilot-centered
design.

NextGen Human Factors Literature Review

Our first step in identifying NextGen flight deck human factors issues was to search for known issues in the
literature which is, as yet, rather limited. We reviewed NextGen issues reports (e.g., Sheridan, Corker, and Nadler,
2006a, 2006b; Murdoch and Press, 2008) and reports on human factors issues with Automatic Dependent
Surveillance — Broadcast (ADS-B), a key NextGen enabler, in which GPS-based reports of aircraft's own positions
drive traffic displays for both air traffic controllers and pilots (e.g., Williams et al, 2002; MITRE, 2006). Relevant
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literature on other aspects of NextGen and Eurocontrol’s Single European Sky ATM Research Programme (SESAR)
was also examined. We were unable to thoroughly review all of this literature with the time and resources allotted.
However, as we reached the end of the project, few new issues emerged as additional literature was examined.

To review this literature, we read the documents for descriptions, either explicitly stated or implied, of
conditions or situations that could be related to flight deck operations where normal pilot characteristics,
capabilities, limitations, and tendencies would be very likely to lead to significant problems with NextGen
effectiveness, efficiency, or safety. We captured these excerpts (in most cases verbatim) in a spreadsheet. To promote
consistency in how the issues were posed, we paraphrased distinct issues, as described in our sources, into terse
statements having uniform syntax and semantic structure.

For example, Sheridan et al (2006a section 3.1.2.1) suggested that “[m]onitoring and maintaining situation
awareness over long and boring periods of nominal operations under automatic control (with a possible need to
impose activities for the purpose of maintaining alertness)” was an issue for future NextGen research. From this
excerpt (and from others like it in other sources), we identified two NextGen flight deck human factors issues: 1)
“Monitoring requirements are excessive” and 2) “Difficult to maintain situational awareness over long, boring
periods of nominal operations.”

As background for the study, we read the NextGen Concept of Operations (JPDO, 2007a) and flight deck-
relevant portions of the NextGen Enterprise Architecture (JPDO, 2007b) and we reviewed the online NextGen
Enterprise Dataset (JPDO, 2008). These documents describe NextGen operations, functions, operational
improvements, and enablers. Although they are not intended to directly identify flight deck human factors issues,
issues arise in the descriptions of NextGen elements. We did not exhaustively analyze these descriptions for issues,
but we captured the human factors issues suggested by them in the spreadsheet.

Flight Deck Automation Human Factors Issues Database Application

The past two decades have seen considerable controversy about the safety of flight deck automation and
many human factors issues have been raised (e.g., Wiener, 1989). Funk and his colleagues (1999) undertook a
comprehensive review of aircraft automation research, aircraft incident reports, incident report studies, and aircraft
accident reports, and surveyed pilots and aviation safety experts to develop a comprehensive list of flight deck
automation issues. For each issue so identified, they compiled evidence from their sources to support the assertion
that it posed a safety problem, and then performed meta-analyses to prioritize the issues for further research. Their
findings and supporting data are available on a website (RII, 2007). We reviewed all of their flight deck automation
issues to determine which potentially apply to the NextGen flight deck and captured relevant ones in our
spreadsheet.

For example, flight deck automation issue 103 is “It may be difficult for pilots to decide what levels of automation
are appropriate in specific circumstances, possibly increasing pilot workload.” Applying our syntactical and
semantical structure for NextGen issues to that, we added the following NextGen flight deck human factors issue to
our list: “Automation level decisions are difficult for pilots.”

Failure Modes and Effects Analysis

Failure Modes and Effects Analysis (FMEA) is a proven, prospective safety analysis technique that
systematically examines a process representation to identify failure modes (ways in which a system can fail), factors
contributing to those failures, and their consequences. Pilot error may be considered a kind of failure mode and,
from potential errors, flight deck human factors issues may be identified. So we performed a preliminary FMEA to
identify more NextGen flight deck human factors issues.

As preparation for the FMEA, we developed a preliminary flight deck functional model, the Oregon
NextGen Flight Deck Functional Model version 0.1 (ONFDFM V0.1). The ONFDFM models a general aviation or
on-demand air taxi flight from a small airport with an Automated Virtual Tower to a mid-size airport, with parallel
runways, in a metroplex. As this was an initial effort conducted with limited resources in a short time frame, we used
a simplified functional modeling approach, roughly equivalent to hierarchical task analysis. Elements of the
ONFDFM are verb phrases, each one describing the mission or a function or task (low-level function) within the
mission. The model is represented as a hierarchical list, like an outline. We modeled the top-level, mission function
as Conduct NextGen flight. We analyzed the mission function into subfunctions corresponding to mission phases.
For each mission phase function, we broke it down into subfunctions subordinate to that, and so on. Rather than
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detail the entire ONFDFM to a uniform depth, we focused on especially important portions of the model, for
example, Perform departure related activities and Perform enroute activities.

We performed a partial FMEA using the ONFDFM. Due to limited resources and the short time available,
we applied the analysis to just two representative parts of the model, Perform departure related activities and Fly
enroute free-flight. The latter is part of Perform enroute activities and represents free flight, as opposed to flow
corridor, operations.

For each subfunction in these parts of the model, we applied our knowledge of NextGen functionality, our
knowledge of present day flight deck operations likely to be similar to NextGen operations, and our knowledge of
human operator characteristics, capabilities, and limitations, to identify likely failure modes for the subfunction,
(i.e., errors that pilots would likely commit in performing the subfunction). For each error we identified likely
effects or consequences of the error. For each specific error identified in the FMEA, we generalized it to one or more
broader issue statements. As we identified many similar errors, multiple errors mapped to the same issue, so the
FMEA did not produce as many issues as errors. As an example, FMEA applied to Monitor CDTI for other traffic &
ground equipment during taxi out and other subfunctions led to the identification of the issue, “Use of CDTI to
maintain surface separation interferes with visual contact with surface traffic”.

Issues Management

As we collected issues using the aforementioned methods, we added them to the spreadsheet. For each
issue, we recorded an issue statement (worded using syntactical and semantic structure designed to be reasonably
consistent across issues), the source of the issue, a reference (section identifier, page number, item number, or other
locater), an excerpt from the text that suggested the issue, additional source and reference information (if the issue
was found in more than one source), an optional comment, and information as to whether the issue appeared to be
redundant with one or more issues that had already been recorded. To aid in issue classification and organization, we
attached one or more descriptive tags or labels to each issue. Because tags were not mutually exclusive and they
covered several dimensions of the flight deck domain, they allowed us to categorize and organize the issues in
several ways. The tag system will permit more flexible use of the issues list in future research and development.

Because many tags were identified and used in the process, a higher level of organization was required for
clarity. So we organized the tags themselves and, by extension, the issues which they designated, into 10 categories.
Then for each tag in each category, we formulated a broad issue statement, intended to represent all issues marked
with that tag. We organized and set up the issues spreadsheet to present broad issue categories and broad issues, and
to filter specific issues by the issue tags and other criteria. We reviewed all the specific issues, edited the specific
issue statements for accuracy, clarity, and uniform syntax and semantic structure, then identified and removed
redundant specific issues.

Findings and Discussion

Initially, our reviews and analyses yielded 250 specific issues, which, by removing redundant issues, were
reduced to 225 specific issues. The specific issues were marked by 81 tags reflecting broad issues, with those broad
issues/tags organized into the 10 categories. The following sections present, for each of nine of the categories, a tag
(in square brackets) and broad issue representative of that category, a specific issue subsumed by the broad issue,
and a list of tags for other broad issues falling in the category. Because these representative issues are also what we
believe to be some of the most important ones, we additionally include brief discussions of their significance.

Design, Development, Testing, and Certification Issues

Broad issue: [development] There is insufficient and inadequate human factors engineering input
in the development of NextGen functions and subsystems.
Specific issue: Inadequate human-in-the-loop fidelity used in development and certification.

Other broad issues: certification, testing, human-centered design

Although human factors research and design is mentioned in JPDO documentation, it is not clear how
NextGen planners intend to address these issues. We are concerned that human-centered design will not be a
development priority and that NextGen engineers will rely on their intuition rather than on a comprehensive set of
human factors tools and guidelines when designing pilot-system interfaces and tasks.
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Issues Related to Pilot-Pilot and Pilot-ANSP Interaction

Broad issue: [collaboration] NextGen pilot-Air Navigation Services Provider (ANSP)
collaboration processes are poorly designed, poorly defined, inefficient, and
ineffective.

Specific issue: Flight plan negotiation processes and mechanisms are poorly designed.

Other broad issues: voice/data, communication, team

Unless pilot roles, responsibilities, authority, and procedures with respect to collaboration and, especially
trajectory negotiation, are clearly defined, designed, and trained, there will be operational confusion,
misunderstandings, delays, and errors.

Pilot-Subsystem Interface Issues

Broad issue: [information] Information on the NextGen flight deck is insufficient or, when
available, difficult to access, inadequate, poorly presented to pilots, and often
overwhelming.

Specific issue: Pulled net-centric information is difficult to access.

Other broad issues: inconsistency, feedback, representation, displays, CDTI, interface, cues, controls

NextGen is an information system. Knowing what information is important to a pilot under a given set of
circumstances, how to filter and prioritize it based on context, and how to present that information effectively
presents a daunting challenge.

Subsystem-Subsystem Interaction Issues

Broad issue: [datalink] Pilots lack adequate awareness of automated data exchanges between
NextGen ground and air subsystems.

Specific issue: Pilots lack situational awareness due to automated exchange of flight plan and ... 4DT
data.

Other broad issues: uplink

In the context of a complex flight deck in which multiple tasks are being performed concurrently under a
variety of operational stressors, simply giving pilots the option to review and approve automated information
exchanges does not guarantee that they will do so, or, if they do, do it quickly and accurately.

Issues Related to Pilot Behavior and Performance

Broad issue: [attention] Pilots do not properly allocate their attention among information sources
and tasks on the NextGen flight deck.
Specific issue: Both pilots often become involved with NextGen subsystems, which diverts their

attention from safety-critical tasks.
Other broad issues: errors, monitoring, manual skill, overload, decision making, awareness

The number of concurrent tasks on the NextGen flight deck will make it more difficult for pilots to assess
the current status of all ongoing tasks and their relative importance and urgency. This will make it more difficult for
the flight crew to correctly choose how to allocate their attention and efforts at any given time.

Issues Related to Pilot Roles, Responsibilities, Capabilities, Limitations, and Attitudes

Broad issue: [authority] Pilot authority on the NextGen flight deck is unclear and/or overly
restricted.
Specific issue: Action responsibility/authority of net-centric information are poorly represented.

Other broad issues: understanding, reliance, workload, oversight, pilot capabilities, trust, satisfaction, risk,
roles, training, stress, responsibility, memory, culture, acceptance

Unless pilot authority is demarcated in general and operationally defined by the design of specific

procedures, pilots will be uncertain as to their flight management and control authority in NextGen and therefore
less likely to take full advantage of the autonomy, flexibility, and efficiency it promises.
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Process and Procedure Issues

Broad issue:
Specific issue:

Other broad issues:

[procedures] Many NextGen processes lack defined procedures or those procedures
are poorly designed.

Temporal and spatial variations in NextGen function require pilots to recognize the
need for and use different procedures.

processes, intervention, multi-tasking, tasks, flight plan, negotiation

To operate in NextGen, a large number of tasks must be performed using a great deal of equipment. Under
these conditions, flight deck procedures cannot be left to the pilots to design ad hoc. To avoid inefficiencies and
errors, a systematic approach to procedure development should be used.

Flight Deck Subsystem Issues

Broad issue:
Specific issue:

Other broad issues:

[automation] NextGen flight deck automation is overly complex and hard to
understand, and its logic and interfaces are poorly designed.

Automation changes modes without pilot commands to do so, sometimes producing
surprising behavior.

failure, system control, decision support tools, equipment selection, equipage,
standardization, manuals, modes, databases, data entry, complexity, functionality,
performance, integration

The level and complexity of automation on the NextGen flight deck will be higher than that of today and
even more care must be taken in the development process to assure its usability.

System Issues

1.

2.
3.

9]

*®

Broad issue:
Specific issue:

Other broad issues:

[variations] Temporal and spatial variations in NextGen functionality and subsystems
make it difficult for pilots to adapt to different circumstances.

Temporal and spatial variations in NextGen function require pilots to recognize the
need for and use different procedures.

trajectory, organization, delay, justice, macroergonomics, system dynamics

NextGen will be a large and complex system, and variations in its functionality over space and time will
present challenges to pilots.

Conclusions and Recommendations

Our study was necessarily limited by the short time frame in which it was conducted, by our ability to
manage a large number of issues, by the limited amount of definitive information on the NextGen flight deck, and
by our own personal knowledge limitations and biases. Nevertheless, we believe that the 81 broad issues,
representing the 225 specific issues identified in this project, strongly suggest that the human factors challenges to
the effectiveness, efficiency, and, especially, the safety of the NextGen flight deck may be greater than anticipated.
With that in mind, we offer the following recommendations for further development of and action on these issues.

Create a team of human factors scientists and engineers, flight deck engineers, pilots, and aviation safety experts
to collaboratively identify and recommend remediations for NextGen flight deck human factors issues.

Create and maintain a web-accessible NextGen flight deck human factors issues database.

Create and maintain a NextGen flight deck human factors website to facilitate team collaboration and the

dissemination of findings

and recommendations.

Review other sources for additional issues.
Clarify and edit the text of the issues and organize them.
Build and maintain a detailed NextGen flight deck functional model (NFDFM), consistent with the emerging

NextGen architecture.

Use the NFDFM to perform more extensive FMEAs to identify additional issues.
Validate and prioritize the issues.
Use the NFDFM and FMEA findings to develop detailed NextGen flight deck scenarios for system research,

development, and testing.

212



10. Use the issues list, FMEA results, scenarios, and other findings to develop suggested standards or design
requirements for NextGen flight deck equipment and procedures.
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In aviation, many actions are taken to reduce risk. However, not all risks can be avoided.
To effectively manage risk, managers and regulators must evaluate and compare risks
associated with different threats. Yet, it is frequently difficult to obtain reasonable
assessments of these risks. Traditional approaches often produce unsatisfactory results
when the probability of failure is low but the costs of failure are high -- as is often the
case in modern civil aviation. Attempts to use a single dimension to evaluate threats
often lead to unreliable and contentious assessments. Many risk assessment heuristics
and displays can yield misleading and sometimes mathematically incongruous
assessments. Furthermore, increases in costs caused by people’s reactions to failures are
often ignored or grossly underestimated. In this paper, problems with risk assessment in
aviation are discussed and a Tool for Risk Identification, Assessment, and Display
(TRIAD) designed to address many of these problems is described.

In aviation, safety and efficiency are primary goals. Many of the actions taken by aviation professionals
are taken to reduce risk. However, one cannot avoid all risk. Regulators and managers must frequently
decide which potential problems to address. To effectively manage risk, one must be able to evaluate the
risks associated with different threats and compare them. But it is frequently difficult to obtain precise
assessments. To accurately assess the risk associated with a potential failure or other threat, one must
consider the possible outcomes that could occur, the likelihood of each outcome, and the consequences
that may be associated with each outcome. In this paper, we discuss the assessment of each of these
aspects of risk and describe a Tool for Risk Identification, Assessment, and Display (TRIAD) that was
designed to assist in their assessment.

Risk is generally defined as a combination of likelihood and consequences -- the more damage that may
occur, the greater the risk; the more likely a threat, the greater the risk. In traditional probabilistic risk
assessment (PRA), risk is quantified by multiplying an estimate of the amount of potential damage by the
estimated probability of the threat (e.g., Bier & Cox, 2007). In many cases, this assessment can be
accomplished simply and the obtained result matches our intuitions. For example, a computer
manufacturer may be able to estimate the probability that a microchip will fail within a warranty period
quite precisely based on laboratory and field data. Calculating the cost of a new chip and the labor
required to replace it is also relatively straightforward. Hence, the risk posed to the manufacturer by the
potential failure of the microchip can be easily assessed. However, in many cases assessing risk is much
more difficult.

Assessing the risk associated with a possible failure or other event becomes more difficult when:
o The event of interest (e.g., a failure) can have many possible outcomes.
e The event under consideration is not repeatable or there is no data from which to directly estimate
the probability of the event.
e The event could lead to different types of damage which cannot be easily measured on a common
scale.
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e The cost of the potential damage or the likelihood of the event is extreme. This is particularly
noticeable when dealing with extremely unlikely events that could have catastrophic
consequences.

Aviation typically operates under these conditions. For example, an airline may be concerned with a rash
of pilot reports of anomalies in the operation of their new flight management systems (FMS). Given the
financial and personnel demands of daily operations, management must decide how much time and
money to invest in determining the cause(s) of these reports and finding a solution. This requires an
assessment of the risk posed by the reported anomalies. In the worst case, an FMS problem could lead to
a controlled flight into terrain (CFIT) accident. But there are many other possible outcomes. A CFIT
accident is not likely unless the anomaly occurs on approach or shortly after departure. However,
encountering an anomaly en route is not without cost. Most of the time, the pilots may notice the
anomaly and correct it, but if they don’t -- fuel will be wasted, the pilots and airline may be the target of
FAA enforcement actions, and there is a (very low) risk of a midair collision. Furthermore, the anomaly
could distract the pilots at an inopportune time and cause other problems. All of these possibilities must
be considered.

Possible Outcomes

To accurately assess the risk posed by a potential problem, one must first consider the possible outcomes
that could result if the problem were to occur. Often, individuals attempt to simplify this task by
considering only the worst case. This can be misleading. For example, consider a hypothetical error in
an airline’s weight and balance calculation program. In the worst case, the aircraft could depart out of
balance and encounter an event that causes the aircraft to enter a stall from which recovery is impossible
given the weight distribution. However, this is an exceedingly unlikely scenario. A manager might
reasonably conclude that this possibility is so remote, that other problems have a higher priority.
However, there is a much more likely outcome that should catch the manager’s attention. Aircraft that
are flown “out of CG” may burn substantially more fuel because of the out-of-balance condition.
Although this outcome is not catastrophic, over a large number of flights the cost of the error could be
large enough to cause substantial financial damage to the airline. It is also not sufficient to consider only
the most likely outcome. In many cases, unlikely outcomes have sufficiently serious consequences and
are likely enough to be cause for concern.

Generating lists of possible outcomes requires domain knowledge and creativity. However, in many
cases, one can generate outcomes by systematically considering the general classes of factors that are
likely to affect the result of a failure or other problem. These factors include:

Phase of flight — The point during an operation at which a problem occurs can have substantial effects
on the possible outcomes. For example, the failure of a critical component of a navigation system
may have different consequences during takeoff/climb-out, en route, or during descent/landing.

Time — When a problem occurs can have substantial effects on the possible outcomes. For example,
the failure of a component may have different consequences during the day, or during the night.
Likewise, the same failure could have very different consequences for winter operations than for
summer.

Geography — Where a problem occurs can affect the possible outcomes. For example, the failure of a

critical component of a navigation system may have different consequences depending on whether the
failure occurs over land or during a trans-oceanic flight.
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Damage — The physical characteristics of the damage caused by a problem may affect the outcome.
The result of a problem may be different if the physical characteristics of the damage (e.g., size,
depth, location, and frequency) differ. For example, the damage caused by debris from a turbine
engine failure may be different depending on the size and depth of the penetration.

Design Characteristics —The way in which a system is designed will affect the possible outcomes that
could result from a problem. For example, the result of the failure of a given system may differ
depending on whether the aircraft is equipped with a backup system. Likewise, consequences of a
failure could be very different depending on whether the failure is annunciated to the crew or not.

Procedures and training — A problem can have very different outcomes depending on whether or not
procedures exist for dealing with it, and on whether or not crews are trained to deal with it. (Note
also that procedures and training are often used as interventions to reduce risk.)

Environmental Conditions — Environmental conditions, such as temperature, humidity, wind speed
and direction, etc. can affect the result of a problem. For example, the effect of a failure in a cooling
system may depend on whether the device is at or below a critical temperature when the system fails.
Similarly, a failure in an ice detection system would have very different consequences if the flight is
conducted in icing conditions, than if it is conducted in non-icing conditions.

Likelihood

To proceed with a risk assessment, one must estimate how likely it is that each possible outcome will
occur. Sometimes, the probability of a given outcome can be estimated quite precisely. For example, one
may have engineering data that indicate how often a component fails in practice. But often this is not the
case. Many likelihood assessments must be based on expert judgments. In many cases, experts will be
reluctant or unable to specify a precise probability for a possible outcome. For example, an engineer may
be able to specify the conditions under which a component of a navigation system will fail but no one
may know how often those conditions occur in practice. However, even in these instances, it is rarely the
case that one knows nothing. It is rarely the case that the probability of an outcome could plausibly range
from zero to one. Even when one cannot estimate the probability associated with an outcome precisely,
one can often offer a “best estimate” and specify a range around that estimate that will confidently bracket
the actual probability. This is sufficient to continue with the risk assessment.

Consequences

Because risk is a function of likelihood and consequence, the possible damage that could result from an
event must be assessed. In the microchip example used above, it was relatively easy to assess the possible
damage because the costs are easy to calculate and only one type of damage, monetary loss, was
considered. However, an event could cause many different types of damage that are not easily measured
on a single scale. An event could cause property damage, injury or loss of life, or disrupt operations.
Furthermore, an event could generate secondary damage through people’s reactions to the original event.

People often attempt to simplify the assessment process by trying to use one measure to scale all of the
different types of damage. For example, insurance companies and international agreements specify how
much the loss of a limb or the death of an airline passenger is worth in dollars. These amounts can then be
combined together with estimates of the costs of property damage and lost revenues to arrive at a single
monetary value that can be used as the measure of the consequences of an accident. However, attempting
to create a single scale on which all potential consequences can be arrayed may be counter-productive.
For example, people may reasonably disagree with the value attached to life by an insurance company;
courts often do. Furthermore, these calculation may lead decision-makers to make trade-offs that they
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themselves find unacceptable. For example, if an arbitrary monetary value is attached to the value of a
life, then the rational decision is to forgo safety investments whenever the costs of those investments
exceeds the monetary value of the lives likely to be lost if the investment is not made. Once a monetary
value for a life is accepted, the trade-off appears rational although the individuals making the decision
may not agree that the value of a life can be reduced to the specified amount.

Disagreements about the validity of an assessment may arise not because of any debate over the possible
consequences or their likelihood but only over the value attached to the consequences. To avoid these
distractions, it is often better to evaluate the consequences of an event on separate dimensions that are
combined only when general agreement on the combination rules can be established. These dimensions
may differ by domain. By default, TRIAD provides for the assessment of four types of threats: threats to
life and health, threats to property, threats to mission (operational) success, and social amplification.

Social amplification refers to the secondary damage caused by people’s reactions to an event (Kasperson
et al, 1988). This consequence is often underappreciated. For example, the damage caused by a fatal
crash of an airliner includes the value of the aircraft, the damage to life, limb, and property in the aircraft
and on the ground, and the loss of revenue caused by the loss of the aircraft and the disruption to the
schedule. However, the damage caused by a fatal crash of an airliner also includes the psychological
trauma endured by survivors and relatives, increases in fears of flying, and damage to the reputation of
the airline and the industry. Some of the costs of this damage are borne by the airline or its insurers either
directly in payments to individuals or indirectly in lost ticket sales and decreased stock values. Some of
these costs are borne by the industry in decreased travel and calls for increased governmental oversight.
Some of the costs are borne by the society as a whole. In many cases, the costs associated with social
amplification can substantially outweigh all other consequences.

Combining consequences that are assessed on different dimensions presents another problem. Often, the
degree of damage will be evaluated on ordinal scales, but the values are treated as if they were interval or
ratio scales. This can cause problems. For example, one is tempted to consider a reduction in a
consequence rating from “5” to “3” as being greater than a reduction from “3” to “2” although ordinal
scales carry no information about the relative sizes of the intervals between the markers. Hence, an
intervention that causes a reduction from “5” to “3” may be seen as much more valuable than one that
only reduces the rated hazard from “3” to “2”. However, because the intervals between categories are not
constant, the improvement reflected by a consequence reduction from “3” to “2” may be greater on some
absolute scale than the improvement obtained by reducing the rated consequence from “5” to “3” and this
latter reduction may be hardly different from a reduction from “5” to “4” (see Figure 1).

Typically assumed marker positions: Equal intervals between markers.

@
1 2 3 4 5

Possible actual marker positions: Different intervals between markers.
® L]
1 2 3 4 5

Figure 1. 1llustration of possible ordinal values relative to an absolute scale.

This problem is exacerbated when one attempts to combine ordinal scales. Because the same numerals
are typically used as markers for relative positions on different scales, users are sorely tempted to treat
markers with the same numerical representation as if they were identical and to perform inappropriate
arithmetic operations on them. For example, individuals often attempt to multiply the ordinal ratings
obtained from two different scales. Consider attempting to combine ratings of threats to life/health and
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threats to property. If these are made on 5 point scales, the results can be displayed using a matrix like
that in Table 1. In general, things get worse from bottom to top, left to right, and along the diagonal from
lower left to upper right. However, one cannot easily combine this information into a single summary
measure. For example, if the ordinal ratings on each dimension are multiplied, then an outcome rated as
Property Damage 5* Life & Health 2 would be considered as risky as an outcome rated Property Damage
2* Life & Health 5 (2*¥5=5*2=10). But this is not necessarily the case. An incident in which multiple
lives are lost but the property damage is $1-$10 million may not be equivalent to one in which there are
only minor injuries but the properly damage exceeds $250 million. Neither is it the case that an outcome
rated as Property Damage 3* Life & Health 4 (3*4=12) is necessarily worse than one rated as Property
Damage 2* Life & Health 5 (2*5=10).

Table 1. Ordinal Scale Matrix.

Property Damage
<$1 | $1-$10 | $10-$100 | $100 - $250 | > $250
Million | Million Million Million Million
Life & Health 1 2 3 4 5

Multiple Deaths 5
Single Death 4
Major Injury 3
Minor Injury 2
Minimal/No Effect | 1

Extreme Risks

Assessing outcomes with extreme consequences pose a particularly difficult problem (Kunreuther, 2002).
In most cases, the traditional calculation of risk as the product of the probability of an event and the
potential consequences appears to approximate our sense of what risk is. For example, a business is
likely to treat a high likelihood of a small monetary loss as of roughly equivalent risk to a low likelihood
of a somewhat larger loss. However, when the probabilities and/or consequences approach their
extremes, the risk estimate produced by the traditional calculation departs from what most people feel it
should be. In particular, an event that could cause a catastrophe with very low probability is generally
seen as much riskier than an event that is highly likely to cause an outcome with very low cost.

This phenomenon is not entirely psychological. Extreme consequences are different. For example, an
airline can plan for how to respond to most potential outcomes. But one cannot plan for how to respond if
the consequence is the collapse of the company. There is a discontinuity in the risk function at the point
at which the consequences become unbearable. One cannot treat the collapse of the company, the
destruction of an ecosystem, or the death of a society as simply an outcome with very high costs. This
does not mean that one cannot assess extreme risks, only that one should not rely on the mechanical
application of any simple risk calculation procedure in all situations.

Risk Displays

The value of a risk assessment depends on its ability to inform decisions. Hence, the manner in which the
results are displayed is of considerable importance. Risk assessments are often portrayed by a single
point on a two dimensional (probability X consequence) display (see left panel, Figure 2). This display
neatly summarizes the assessment but it does not provide many important details. From this display, one
cannot determine the precision of the assessment. For example, the “+” in Figure 2 may reflect a very
precise value or it may indicate a best guess within a 95% confidence interval that extends from 1 to 5.
Only one point is displayed (usually the worst case), although a single event may produce several possible
outcomes each of which may occur with different likelihoods and cause different consequences. All of
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the possible types of consequences are combined on a single scale, but the manner in which they are
combined is not clear.
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Figure 2. A Common Risk Matrix (left); TRIAD Life & Health likelihood X consequence display (center)
and logarithmic risk display (right) showing a possible range of estimates.

In many cases, better decisions may be made if the risks associated with different possible outcomes are
displayed, different displays are used for different types of consequences, and confidence intervals around
estimates are depicted. TRIAD includes these enhancements (see Figure 2). Different 5 (consequence) X
5 (likelihood) matrices are used to display different consequence dimensions. The evaluators’ best
estimates of the likelihood and consequence values of each possible outcome (identified by number) are
displayed on these graphs (in the center pane of Fig. 2). Auxiliary graphs display the plausible range of
likelihood for each outcome (in the right pane of Fig. 2).

Conclusion

In aviation, managers and regulators continually assess risk. However, the heuristics that are commonly
used have inherent problems that can render the assessments invalid. Relatively simple steps can be taken
to substantially improve the quality of risk assessments even when quantitative data is sparse and
traditional probabilistic risk assessment techniques cannot be applied. TRIAD is one tool that can support
such comprehensive risk assessment, and can support improved decision making.
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NASA research is focused on flight deck display technologies that may significantly enhance situation
awareness, enable new operating concepts, and reduce the potential for incidents/accidents for terminal area
and surface operations. The display technologies include surface map, head-up, and head-worn displays;
4DT guidance algorithms; synthetic and enhanced vision technologies; and terminal maneuvering area
traffic conflict detection and alerting systems. This work is critical to ensure that the flight deck interface
technologies and the role of the human participants can support the full realization of the Next Generation
Air Transportation System (NextGen) and its novel operating concepts.

Background

The Next Generation Air Transportation System (NextGen) concept for the year 2025 and beyond
envisions the movement of large numbers of people and goods in a safe, efficient, and reliable manner.
NextGen will remove many of the constraints in the current air transportation system, support a wider range
of operations, and deliver an overall system capacity up to 3 times that of current operating levels. New
capabilities are envisioned for NextGen, including four-dimensional trajectory (4DT)-based operations,
equivalent visual operations, super density arrival/departure operations, and network-centric operations.
National Aeronautics and Space Administration (NASA) research, development, test, and evaluation
(RDT&E) of flight deck interface technologies is being conducted to proactively overcome aircraft safety
barriers that would otherwise constrain the full realization of NextGen. As part of this work, specific
research issues associated with the NextGen Terminal Maneuvering Area (TMA) are being addressed: 1)
the impact of emerging NextGen operational concepts, such as equivalent visual operations (EVO) and
4DT operations; 2) the effect of changing communication modalities within a net-centric environment; and,
3) the influences from increased pilot responsibility for self-separation and performance compliance. In the
following, an overview of NASA’s flight deck interface technology research thrusts for these areas is
described.

NASA Collision Avoidance for Airport Traffic

A Collision Avoidance for Airport Traffic (CAAT) research thrust has been formulated to develop
technologies, data, and guidelines to enable safe TMA operations. This work expands upon existing
research and technologies for tactical and strategic surface operations awareness for the flight crew and
also, provides additional, protective Conflict Detection and Resolution (CD&R) functionality for NextGen
operations. CAAT integrates airborne and ground-based technologies, which include flight deck displays,
conflict detection and alerting algorithms, on-board position determination systems, airport surveillance
systems, and controller-pilot data link communications.

Taxi-NASA Head-Up Display

Previous research has shown that the key to preventing surface traffic conflicts is to ensure that pilots
know: (a) where they are located, (b) where other traffic is located, and (c) where to go on the airport
surface. The CAAT concepts promote these attributes by use of several visual display interfaces including
a modified head-up display (HUD) concept based on Taxiway Navigation and Situation Awareness (“T-
NASA”) research (Foyle, Andre, McCann, Wenzel, Begault, & Battiste, 1996; McCann, Hooey, Parke,
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Foyle, Andre, & Kanki, B., 1998). The HUD display concepts, sketched in Figure 1 and 2, show current
ground speed in digital format, the current taxiway, next cleared taxiway, centerline markers and virtual
cones on the taxiway edge. Additional cues are given for turns. These cues consist of turn flags and virtual
turn signs (similar to road way turn signs). Hold shorts are displayed with a single line drawn at the hold
short location with a virtual stop sign (see Figure 2). A non-conformal taxi director display provides an
intuitive display of the relationship between the taxiway centerline and the aircraft’s landing gear position.
These symbology elements have been shown to significantly enhance situation awareness and navigation
precision that would be required for NextGEN equivalent visual operations (EVO). The CAAT system
further enhances the HUD visual interface with audible alerts for deviation from the assigned taxi route
(“Off Route, Off Route”) and unauthorized crossing of a hold line (“Crossing Hold, Crossing Hold”).
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Figure 1. HUD Touchdown Symbology

Figure 2. HUD Taxi Symbology

Conflict Detection and Alerting

A goal of CAAT is to provide an additional, protective safety layer of conflict detection and alerting for
NextGen operations in the event that the tactical or strategic situation awareness (SA) is not sufficient or
human errors or blunders occur. Ownship and traffic data are continually monitored to detect conflicts on
the runway, at low altitudes near the airport, and during taxi and ramp operations for multiple classes of
aircraft and surface vehicles. Alerts are designed for flight crew awareness and to identify potentially
hazardous operational conditions that may require immediate flight crew response (see Figure 3). This
work builds from substantial NASA testing for runway conflict detection and alerting (Green 2006, Jones
2002 and 2005, Jones, et. al., 2001, and Jones and Prinzel, 2006), however, low altitude and taxi conflict
detection is in the initial development stage.

NASA is also investigating the concept of providing advisories or warnings for potential runway safety
hazards. These indications are intended to increase the flight crews’ situation awareness about relevant
traffic that could affect runway safety. Research is also being initiated regarding the feasibility of providing
resolution advisories (RA) for conflicts in the TMA without producing undesired consequences.

NASA Surface Map and Electronic Flight Bag Display Concepts

The increasing unavailability of radio-frequency bandwidth is driving a rapid shift from voice to data-link.
By 2030 85% of Air Traffic Services communications are projected to be provided via data-link in the
Airport/TMA environments (Eurocontrol, 2005). Net-centric operations hope to capitalize on a data-link
environment’s strengths. However, previous research has demonstrated numerous flight deck problems,
including increased head-down time and pilot workload (e.g., Kerns, 1994; Groce & Boucek, 1987, Prinzo,
1998) which — in a NextGen environment with closer spacing and more pilot responsibility for 4DT
separation — could significantly reduce safety margins. Furthermore, there are concerns of loss of “party-
line” with data-link (e.g., Midkiff & Hansman, 1992; Pritchett and Hansman, 1995). For these and other
reasons, NASA has been investigating the effects of data-link communication and potential visual display
technologies that may mitigate, or eliminate, the potential deleterious effects of a voice-by-exception data-
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link NextGEN TMA environment. The concepts are based on emerging navigation, surveillance, and
communicative technologies, such as CPDLC-all, ADS-B (in/out), TIS-B, etc.). The flight deck interface
concepts include electronic moving surface map concepts (see Figure 3), head-up, and head-worn displays;
and more critically, the information needs and modalities for the flight crew. For instance, the cockpit
display of traffic information in a NextGen environment, with the addition of ADS-B intent information,
may ameliorate issues of “party-line” information loss or inherent latencies in pilot-ATC communications
under Controller Pilot Data-Link Communications (CPDLC), but traffic intent information may be critical
to these operations. Unlike flight operations, current surface operations rely heavily on planned holds,
following other traffic, and real-time updates to routing and other traffic. Without data-link intent
information, these nuances may be lost and NextGen 4DT surface operations performance promises could
be unrealized.

GS140 TAS140

Figure 3. Runway Incursion Traffic Warning Alert (w/ audible alert)

Current research at NASA is focused on advanced surface map display concepts. The NASA surface map
display provides traffic and manual query capability of other aircraft intent and graphical depiction of own-
ship and target aircraft paths, and automatically prioritizes and selects aircraft, based on threat severity
and/or proximity of traffic, and provides prediction and preview capability of other traffic and route
conflicts. The surface map is shown in place of the ND when conducting surface operations (only on the
pilot-not-taxiing side). The transition to the surface map is automatically done when on approach, the
groundspeed is less than 80 knots, and all landing gear is touching the runway. Figure 4 shows the surface
moving map with textual and graphical traffic icons displayed, own route graphically depicted in magenta,
and the selected traffic’s graphical route and state information (30 sec trend) displayed, graphical
(30/60/90 sec) intent prediction. Similar required- and estimated-time-of-arrival information and
commanded speeds to meet RTAs are presented on the HUD based on a T-NASA HUD symbology set
(Figure 5). These display concepts are supplemented by CPDLC interfaces on the Primary Flight Display
(PFD) and Electronic Flight Bag (EFB). The HUD, PFD, and EFB also present 4DT enhanced (FLIR) and
synthetic vision display information and advanced tactical and strategic guidance.
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Figure 5. 4-DT Head-Up Display on Surface

NASA Head-Worn Display Concepts

Head-up, conformal information, such as that provided by the T-NASA HUD concepts, provide tactical and
strategic awareness for the pilot-flying for safety and performance benefit. A major limitation of the HUD
- for ground operations, in particular - is its monochrome form and limited, fixed field-of-regard. A
monochromatic display has the inherent problem of being unable to use color for information de-cluttering
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and information cuing. Coupled with a limited field of regard, the HUD symbology must be carefully
designed to optimize the information presentation to the pilot without increasing display clutter. NASA has
been investigating emerging Head Worn Displays (HWDs) to resolve these limitations for NextGEN
equivalent visual operations. The NASA HWD concept (Figure 6) is a head-tracked, color, unlimited field-
of-regard concept that provides a 3-D conformal synthetic vision (SV) view of the airport surface integrated
with advanced taxi route clearance, taxi precision guidance, enhanced vision, traffic data, and data-link
capability. Simulation research (e.g., Jarvis, Prinzel, et al., 2006) has demonstrated significantly enhanced
situation awareness, lowered workload, and taxi efficiency compared to existing head-up and head-down
display technologies. The results evince the tremendous potential these displays have for enabling EVO
during low-visibility complex terminal and surface operations.

Figure 6. NASA Head-Worn Display Concepts for Surface Equivalent Visual Operations

4DT Guidance Algorithms

NextGen surface traffic management (STM) concepts envision dynamic algorithms to generate speed- or
time-based taxi clearances to calculate the most efficient movement of all surface traffic and enable precise
surface coordination (see Cheng, Yeh, Diaz, & Foyle, 2004; Rathinam, Montoya, & Jung, 2008). The STM
system provides speed or time commands to the pilots at various traffic flow points throughout the taxi
route to regulate the required precision of surface traffic movements. The aircraft’s taxi speed may be
adjusted if the pilot is unable to conform to the speed command, if traffic is unable to comply, creating a
reduction in separation, or if the needs of the dynamic airport surface require adjustment.

NextGen STM Concept Development

NextGen taxi operations represent a fundamental paradigm shift to include time-based or speed-based taxi
clearances. NASA researchers are helping to define this new paradigm by considering the roles of pilots,
ATC, and automation, and by defining procedural and operational requirements. Pilot-in-the-loop studies
at NASA have evaluated different concept of operations including issues such as speed vs. time commands
and single vs. multiple checkpoints. Advanced display concepts to support to these operations (which may
be presented on a head-up display, an electronic moving map, or primary flight display) must ensure that
they support pilots’ 4DT taxi performance without increasing pilot workload, reducing situation awareness,
or promoting excessive head-down time. One recent simulation study revealed significant reductions in
time-of-arrival (TOA) error when pilots taxied using error-nulling speed guidance on the primary flight
display. Future studies are planned that will evaluate the impact of pilot non-conformance, and STM
reliability and system failures.

STM System and Algorithm Development

Since the time-based taxi concept is in its infancy, aviation human factors researchers at NASA are
working to impact the design of the STM algorithms so that the resulting STM system does not exceed
human performance capabilities. Specifically, pilot-in-the-loop simulation studies are underway at NASA
that investigate the effects of: flight deck display bandwidth; number of traffic flow points; and time
constraint window size for RTA (see Figure 7, from Foyle, Williams, & Hooey, 2008), as well as the
impact of STM re-optimization (due to traffic changes, pilot performance). One recently completed
simulation study characterized the distribution of pilots’ TOA performance at traffic flow points to inform
the development of STM algorithms with regards to the allowable time constraints of the STM system.

224



STM CHARACTERISTICS

Checkpoint

)
LS 11 oo
VS 6 Constraint
& 6 Window Size
V7Y 5 a
) 2
o-le .
<= = PO P1
2 3 4 = _
= E ] 2 +
Number of Pt} 6
Traffic Flow E a
Points — 2 4
g 1 2 = ole .
= PO P1
Low—» High = 10 7
" g <C s] 3 +
Time Constraint - 6 +
£ 21 4
g- [ T T T
nq:; PO P1 P2 P3
109 4
P +
& @
p
2 ®
_ ol T T
5 Low 6 High PO P1 P2 P3

Display Bandwidth

Checkpoints/Flow Control Points

Figure 7. Characteristics of Time-based STM (see Foyle, Williams, & Hooey, 2008)
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The purpose of this study is to examine the current maintenance practices of airline operators in the
detection and repair of damage to composite structures, with the aim of learning lessons that will be
applicable to the maintenance of future advanced composite airplanes. A process map was created to
capture the events and activities that occur from the moment a damage event occurs, through damage
detection, assessment and repair. The study is identifying areas where operational risks may
negatively impact the process, where personnel are required to make judgments in the absence of
procedural guidance, and areas where future tools or techniques may be of assistance.

The continued airworthiness of aging aircraft is the subject of a research project within the NASA Aviation
Safety Program. The aging of aircraft structures is not necessarily an inevitable consequence of the passage of time,
but is related to the accumulated effects of flight operations, exposure to environmental conditions, and events
during ground handling and maintenance. For example the turnaround of an aircraft at the gate involves the
coordinated movements of numerous vehicles and support equipment with the constant potential for contact with the
aircraft. Most impacts will be inconsequential, but on occasion, an aircraft structure may sustain damage.

The principle of damage tolerance used in aircraft design ensures that aging-related structural damage can
be detected and corrected before it presents a threat to the airworthiness of the aircraft (Goranson, 2007). For
example, an awareness of the rate of crack propagation in various metal structures, combined with estimates of the
probability of crack detection by an inspector, have allowed inspection schedules to be designed rationally to
minimize the risk that an undetected crack will grow to a dangerous length between inspection intervals. From this
example, it can be seen that the concept of damage tolerance, that is central to modern aircraft design, relies on two
knowledge domains. The first domain is squarely within the field of engineering, specifically knowledge of
materials and structures, and the conditions they are expected to encounter during their service life. The second
domain is concerned with human performance, specifically the capability of maintenance and engineering personnel
to detect, recognize, and rectify degraded conditions before such conditions become dangerous. The application of
the damage tolerance concept requires the on-going collection and analysis of in-service data related to these two
knowledge domains (Kim, Sheehy, & Lenhardt, 2006).

Aircraft structures have been fabricated from metals for over 70 years, and in that time, aircraft
manufacturers and operators have accumulated experience in the design, maintenance, inspection and repair of
metallic structures. The failure modes of metallic structures have been studied extensively, and parameters such as
the rate of crack propagation can be estimated (Thompson, 2002). The human factors of inspection and damage
analysis with metallic structures have also been widely studied (Drury, 1999) and the probability of detection can be
estimated for cracks of various lengths under various viewing conditions (Ostrom & Wilhelmsen, 2008).

In line with wider industrial trends, the manufacturers of airline aircraft are now reducing the use of metals
in aircraft construction and increasing the use of composite materials. A composite is a material composed of two or
more ingredients that are combined at a macroscopic level, and are not soluble with each other (Kaw, 2006). For
example a typical matrix composite material is made of woven carbon fibers set in an epoxy resin. Composites have
been used in a wide range of products, including boats, consumer goods, military aircraft and advanced general
aviation aircraft. Composites are used currently in a variety of structural and non-structural components in
commercial airplanes. Examples range from basic fiberglass radomes, honeycomb core engine cowlings, lightweight
winglets made of graphite-epoxy materials, and carbon fiber reinforced plastic (CFRP) materials comprising
elevators, rudders, ailerons, and spoilers, up to the newest of the glass reinforced aluminum laminate (GLARE)
technology utilized in fuselage skins in some aircraft. Composite materials provide advantages including weight
savings, increased strength, resistance to corrosion, and acrodynamic efficiency. The next generation of airliners will
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be characterized by the increased use of composites in primary structures such as the fuselage, empennage, and
wings.

Despite the promise and benefits that composite materials hold, they bring a new set of airworthiness
issues. Although composites exhibit superior strength in many situations, composite failures can involve
mechanisms very different from those of metals. For example, composites failures may involve delamination, fiber
breakages, and fluid ingress. Compared to metallic structures, composite materials may also react differently to
impacts or abuse, and may experience internal damage while showing little outward sign that damage has occurred.
Fatigue cracks in a metallic structure will generally propagate over an extended time period, and the structure may
retain much of its strength until an ultimate failure occurs. In contrast, some composite materials experience a
sudden loss of strength when damaged.

As composite materials become increasingly important in the airline industry, it is necessary to understand
the tasks that must be carried out by operational personnel to ensure the continued airworthiness of aircraft that
include composite materials. Some tasks are likely to involve significant perceptual elements, for example, the
detection of dents and delamination. Other tasks will largely involve decision-making and communication on
matters such as the assessment of damage, and the subsequent repair action. On some occasions, social factors may
come into play, for example, the willingness of personnel to report events where they may have caused damage to a
composite structure, particularly when no visible damage is apparent. In contrast to trade skills such as welding, the
field of composite fabrication and repair is characterized by a lack of standardization and the absence of consistent
skill and knowledge requirements for technical personnel. However, as the aviation industry accumulates experience
with composite materials, an increasing amount of regulatory standards and general guidance material is being
produced by regulatory authorities, the military, and industry groups, notably the SAE Commercial Aircraft
Composite Repair Committee (e.g. FAA, 1984; Department of Defense, 2002; Blohm, 2007).

Purpose of the Current Research

The purpose of the current research was to develop a methodology that can be used to examine the
information sources, procedures, decisions, tools, expertise, and communication tasks relevant to the maintenance of
composite materials on commercial aircraft. This methodology will then be used to help identify task elements that
involve human performance-related risks. Such risks could include, but are not limited to; perceptual demands that
exceed human capabilities, complex decisions that must be made in the absence of documented guidance, areas
where task performance is reliant on expert judgment, situations where social factors such as a culture of blame
could interfere with processes, and circumstances where there is a need for tools or technology not currently
available. The methodology will be applied to the current state of the practice of managing aircraft composite
damage in operations with the aim of identifying current operational risks as well as risks that may carry over to
future advanced composite airplanes.

Development of the Methodology
Identifying the Broad Flow of Events
The first step was to identify the broad flow of events in the damage management process. Figure 1 shows
five distinct types of events, beginning with events that present hazards to composite materials and moving in time

order to ultimate damage mitigation, usually repair. Each stage is likely to involve a distinct population of
operational personnel and specific human performance challenges.

Hazardous Damage Damage Damage
Events Detection Assessment

Figure 1. The flow of events in the damage management process.

Damage
Mitigation

Hazardous events. Hazardous events are defined as occurrences or conditions that have the potential to
damage a composite structure. Hazardous events include bird strikes, in-flight exceedances such as flap over-speeds,
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maintenance errors such as dropped tools, ramp events, and weather phenomena. It is important to note that although
a hazard may be a precursor to damage, a hazard does not necessarily lead to damage. The awareness that a hazard
has occurred, however, is an important trigger that may lead to damage detection. The following report illustrates a
maintenance-related hazard involving a composite panel on a Boeing 757-200. The incident is one of many that
have been submitted to NASA’s Aviation Safety Reporting System (ASRS). ASRS is a voluntary, confidential and
non-punitive system that enables aviation personnel to report unsafe occurrences and hazardous situations.

I was performing an op Job Card on the #2 engine. This op includes an open cowling inspection and
then an open up of certain borescope plugs. After the plugs had been installed, the cowlings were closed
and some tools were left in the cold stream of the engine unintentionally. I did not realize the tools had
been misplaced until after my weekend, which was 4 days later. .... After returning to work after 3 days

off I was informed that damage had occurred to the #2 engine thrust reverser, composite panel, as result
of the tools. ASRS Report #463194

Ramp personnel such as baggage handlers and service vehicle drivers may observe hazards on the ramp,
such as impacts involving vehicles, loading equipment or jetways. In some cases, the damage resulting from such
events may not be clearly visible; as a result, the damage may remain undetected if the hazardous event is not
reported.

It has been well established that various organizational factors can discourage the open reporting of
incidents. Clearly, punishment of those who report errors or incidents actively discourages personnel from
disclosing maintenance incidents. The potentially subtle nature of damage to advanced materials, such as barely
visible impact damage or subsurface damage may create dilemmas for personnel who may have unintentionally
created the hazard (i.e. dropping a tool) when there are no visible signs of damage and yet reporting the incident
may lead to negative consequences for the worker (Boeing, 1994).

At present there are unanswered questions about the human involvement in the detection of, and response
to, the events that can damage composite structures. The current research project is considering a range of human
factor questions related to these hazardous events, including:

e [Information: What are the sources of hazardous events? During what stage of operations do they occur, e.g.
in-flight, ground handling, maintenance? What signs indicate that a hazardous event has occurred?

e  Procedures: Are there appropriate and standardized procedures to guide the organization’s response to a
hazardous event report?

e Decisions: What influences whether a person will decide to report a hazardous event, particularly when the
event involves a human action?

e Tools: Are some events detected via technologies such as on-board quick access recorders?

e  Expertise: What operational personnel are in a position to detect hazardous events?

e Communication: How is information on hazardous events collected, documented and communicated to
enable damage detection, assessment and mitigation to occur?

Damage Types. An important distinction can be made between the hazardous event as cause and the
damage as consequence. Delamination, dents, and fiber breakages are examples of the consequential damage that
may occur following a hazardous event. Delamination is a failure mode in which layers of the composite matrix
separate, with significant loss of mechanical toughness. Common causes of delamination are repeated cyclical
stresses and impact events. For example, in 1997, an Airbus A300 experienced an in-flight incident in which the
pilot used excessive rudder inputs to steady the plane, imposing high lateral loads on the tail of the aircraft. The
aircraft landed safely, and a preliminary visual inspection found no evidence that damage had occurred to the tail
fin. In 2001, in response to an accident involving another A300, all A300-600 tail fins that had previously
experienced high loads were required to go through ultra sound inspection. Severe delamination damage was found
in one of the lugs that attach the vertical stabilizer to the fuselage of the A300 that had been involved in the 1997
incident (NTSB, 2004).

Damage Detection. There are three principal types of inspections during which damage may be detected.
The first type is the scheduled inspection performed by maintenance personnel during transit checks, daily checks,
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and “letter checks” (A, B, C & D). Such checks typically include inspections of known problem areas where damage
may occur. Most of these inspections are carried out visually. The pre-flight pilot walk-around can also be classed as
a scheduled inspection. The second type of inspection is the “non-directed” inspection, or serendipitous discovery.
This is where the technician or inspector was not engaged in actively searching for the damage at the time of its
discovery. For example, Goranson (2007) notes that many cracks in aircraft metallic structures are discovered during
non-directed inspections. Many cases of non-directed damage discovery have been reported to NASA’s Aviation
Safety Reporting System (ASRS), as illustrated by the following example:

After removing vertical stabilizer panel (on Airbus A320) to inspect wiring harnesses per our job card, we
noticed small cracks propagating from 2 hi-lok fasteners on the front spar next to the transverse load
fittings. We informed inspection and they made a write-up. At this time, engineering is still trying to decide
what to do. There is no type of NDT [Non Destructive Testing] that will tell us how deep the cracks are....
The reporter said the spar is of composite construction and no non-destructive testing methods or
instruments are presently available and no repair processes are in the structural repair manual. ASRS
Report #613739.

The third type of inspection is the conditional inspection. These are initiated in response to a reported event
that presents a hazard to the aircraft. Current maintenance procedures include conditional inspections triggered by
events such as lightning strikes and heavy landings.

Scheduled and conditional inspections may involve one of three levels of inspection, either general visual,
detailed, or special detailed (Kinnison, 2004). General visual inspections are unaided inspections (except for basic
support equipment such as ladders and work stands) and are used to detect obvious damage. Detailed inspection
involves intense visual inspection, sometimes with the use of lenses or mirrors. Areas may be cleaned in preparation
for inspection. Currently 80-90% of inspections of composite structures are visual and that is unlikely to change
significantly in the near future (Waite, 2007). Lastly, special detailed inspections are intense examinations of an arca
involving the use of special non-destructive testing (NDT) techniques. These techniques involve the use of
technologies such as ultrasonics, thermography, and x-ray.

Human factor questions related to detection of damage in composites include:

e Information sources: How evident are the signs of damage? What signs of damage does the inspector
look for?

e Procedures: What techniques are currently being applied to the detection of composite damage? What

proportion of damage is detected through scheduled inspections/non-directed inspections/conditional

inspections?

Decisions: What decisions need to be made during inspections?

Tools: What technologies are used to assist in damage detection and how are they used?

Expertise: What skills, knowledge and training are required to perform inspections?

Communication: How is information on detected damage collected, documented and communicated to

enable damage assessment and mitigation to occur?

Damage Assessment. Once damage has been detected, it is necessary to assess its extent, evaluate its
implications for airworthiness, and decide on a repair action. Most damage assessment decisions are guided by
documentation such as the structural repair manual or maintenance manual. In other cases, engineering staff apply
technical knowledge and expert judgment to design a tailored response, particularly when the damaged area is one
that rarely sustains damage, or where no standard response is available. In complex cases, the engineering response
may require consultation with the original equipment manufacturer.

Human factor questions related to the assessment of damage to composite materials include:
e Information sources: What factors are taken into account in decision making?
Procedures: What guidance material is available to assist assessment?

Decisions: What major decisions need to be made about damage assessment? Who is involved in these
decisions? To what extent is damage classification a matter of judgment?

229



o Tools: How are NDT technologies used in damage assessment? How is the need for NDT determined?

o Expertise: What expertise is required to assess damage?

o  Communication: How is information on damage assessment collected, documented and communicated
to enable damage mitigation to occur?

Damage Mitigation. Damage mitigation is the final step of the process. Mitigation may take the form of a
temporary repair such as speed tape, a permanent repair, or the replacement of the damaged component. Composite
repairs can require specialized skills and careful attention to conditions such as correct storage of perishable
materials, pressure, temperature and curing time. The conduct of a successful composite repair appears to be heavily
reliant on accurate human performance, adequate training and appropriate standards and procedures. Deviations
from prescribed process can significantly impact the strength of a composite repair (Tomblin, et al., 2007). However
the focus of the current study was on the events leading up to the repair activities, rather than the specific activities
involved in carrying out the repair.

Development of a Process Map and Interview Protocol

In order to identify the operational risks and human challenges associated with the maintenance of
composite structures, a series of site visits are being made to aircraft operators, and interviews are being conducted
with personnel who are Subject Matter Experts (SMEs) in the inspection and maintenance of composites. SMEs are
drawn from throughout the organization, including those who may observe hazardous events, (including pilots, ramp
workers, and maintenance personnel), those who perform scheduled inspections, and engineering personnel involved
in damage assessment decision-making.

A process map was developed as a data collection tool to capture the general progression from damage-
causing events through damage repair. The structure of the process map ensures that all areas of the operational
process are covered during site visits and interviews. The process map includes three potential paths to damage
discovery, which are in line with the three types of inspections; scheduled, non-directed and conditional. The
process follows a “funnel” pattern, where the early stages can involve a broad range of potential hazard events, as
well as many professional and employment groups, from maintenance technicians, to pilots to ramp workers. For
example a pilot conducting a walk-around, a professional engineer dealing with a non-standard repair, and the driver
of a catering truck who has just bumped an aircraft, will each have a unique contribution to make to the safety of
composite materials, but they have their own responsibilities, priorities, and different information needs. As the
process continues, and damage is identified and assessed, the process “funnels” down to a narrow range of
participants with specialized skill sets and specific knowledge of composite materials.

Following a short introductory discussion, the SME is asked to recall a specific incident involving
composite damage that was discovered via one of the three potential detection paths. The incident is then used as a
focus for questions as the SME is prompted to identify the people involved at each stage of the process, the tasks
they performed, the decisions they made, as well as the information sources, documents, tools, and communication
needs at each stage.

Site visits and interviews conducted to this point have enabled the process flow map to be refined to focus
on areas of operational risk. It became apparent that personnel tended to have very localized knowledge, in that they
could describe their part in the process, but did not necessarily have a good awareness of parts of the process in
which they were not directly involved. Therefore the interview protocol was modified to target sections of the
process flow according to the roles and expertise of the SME.

Conclusion

The increasing use of composite materials in commercial airline aircraft necessitates an improved
understanding of the human involvement in their maintenance. Not only are composite structures significantly
different to the metallic structures they are replacing, but the human factors involved in maintaining composite
materials may also be significantly different. The lessons learned in the maintenance of existing composite
structures on current aircraft are of great potential value as airline manufacturers increase their use of composite
materials. The process flow model being developed as part of this study may be the first time that the processes
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involved in composite materials maintenance has been mapped with a view to identifying the human performance
demands of the process and potential operational risks.

We have yet to see how the management of damage in future composite structures will differ from the
current processes and practices used for metallic structures and current composites. However, the systematic
mapping of current processes, and the gathering of the experiences of operators, will make it possible to identify
parts of the existing processes that have the potential to present uncontrolled human performance-related risks, and
will thereby predict issues that may arise in the detection, prediction and mitigation of damage in future composite
structures. An enhanced understanding of human-related risks may help to inform the development of future
technologies, practices, and guidance material, ensuring that the advantages of advanced composite materials are not
undermined by uncontrolled process risks.
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THE EFFECT OF HUMAN FACTORS IN AVIATION MAINTENANCE SAFETY

Andrea M. Georgiou
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Murfreesboro, Tennessee

Even with the increasing rate of technology innovation, the ultimate responsibility for the safety of a flight
lies with humans. According to Boeing, human error accounts for 70% of commercial airplane accidents.
This research aims to investigate the human factors that exist in aviation maintenance as well as the extent
to which these factors affect safety. Utilizing the National Transportation Safety Board (NTSB) online
accident database, the researcher reviewed accidents between 1996 through 2006 caused by maintenance-
related errors. The results indicate the top four maintenance errors with the highest number of fatalities
were: a).failure to properly complete tasks, b).improper maintenance, ¢).improper installations, and

d). failure to detect or identify problems. In addition, the human factors most prevalent among the attitudes
of both Aviation Maintenance Technicians (AMT’s) and the Federal Aviation Administration (FAA)
officials were demanding deadlines, environmental / personal distractions, and lack of proper use of
maintenance manuals or instructions.

Whether a trip is planned for leisure or work, air travel plays a vital role in the day to day lives of
individuals worldwide. A vast majority of the population from the working class to the upper class travel through the
air transportation industry and are therefore directly affected by aviation safety. The large scope of individuals
concerned with safe air travel forces the constant surveillance of accidents and incidents by the Federal Aviation
Administration (FAA) government agency, National Transportation Safety Board (NTSB), researchers, and public
attention through media. In 2008, Southwest Airlines gained some unwanted attention when the largest fine in FAA
history was issued of 10.2 million dollars for allegedly flying at least 117 of its planes in violation of mandatory
safety checks (Levine, 2008; Griffin & Bronstein, 2008). Not only does this place increased attention towards
Southwest Airlines, but also places scrutiny ten -fold in maintenance departments within all commercial airlines.

Although maintenance-related accidents are far less frequent than accidents caused by pilot error, the end
result can be just as fatal. Maintenance personnel, pilots, Air Traffic Controllers (ATC), and Flight Dispatchers are
just a portion of the people dedicated to ensure a flight travels safely from departure to arrival. While there are
several facets impacting the safety of a flight, it begins on the ground with the Aviation Maintenance Technician
(AMT), also known as Airframe and Powerplant (A & P) mechanic.

Overarching Research Questions

1. How many aircraft accidents with at least one fatality have occurred due to maintenance error from 1996
through 2006?

2. What human factors and to what extent do human factors affect a mechanics, AMT, ability to safely
conduct maintenance?

3.  What are some cost-efficient solutions to decrease the effects of human factors which would result in an
increase in aviation safety?

Review of Related Literature

Various Human Factors that Influence Mechanic Performance

As far back as the first powered flight by the Wright Brothers flight in 1903, humans have built and flown
aircraft which means human error has always played a role in safety. However, it was not until 1988, when the skin
of an Aloha airlines Boeing 737 ripped open in flight, did the FAA conduct the first official safety meeting with
respect to aircraft maintenance activities (Lu, 2003). Since then, the boom in human factors research proves that
researchers, along with the FAA, understand the influence human factors holds on mechanics performance.

In efforts to place top priority on human factors, in the year 2000 the FAA issued an Advisory Circular
(AC) 120-72 titled Maintenance Resource Management training. Within this document, the FAA defines human
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factors as the scientific study of the interaction between people and machines. The FAA coined the phrase Dirty
Dozen, which identifies the twelve most common maintenance-related causes of errors. The Dirty Dozen are as
follows: Lack of communication, complacency, lack of knowledge, distraction, fatigue, lack of resources, pressure,
lack of awareness, lack of assertiveness, stress, norms, and lack of teamwork.

A less common, yet still insightful, cognitive model of maintenance error was developed by Alan Hobbs
with the Bureau of Air Safety Investigation (BASI). Mr. Hobbs research identified the following eight types of
errors and the frequency in which they occurred: memory lapse, work-arounds, situational awareness, expertise,
action slips, work practice, technical inaccuracy, and perceptual difficulties. The most common error, memory lapse,
occurred in 24% of the 127 errors reported by maintenance personnel. Following closely behind at 23%, the second
most frequent type of error was the work-around errors. These errors include an individual’s knowledge of the
correct procedure, but belief it would be all right this time. An example is performing a task in a more convenient
manner than that specified in the maintenance manual. Pressures to complete a task within a certain time frame also
influence how a mechanic does his/her job. When faced with time pressures, many AMT’s decided not to document
their actions and failed to perform all the necessary steps in a task (Hobbs, 2000). Unfortunately, there is no way to
completely eliminate time pressures because the AMT’s that can perform the tasks quickest receive the most
business resulting in higher profit.

Due to the fact that human error is inevitable, organizations and companies need to move from blaming an
individual worker to implementing a systemic approach to handle maintenance errors (Hackworth, Holcomb, Banks
& Schroeder, 2007). In 1996, Boeing developed the Maintenance Error Decision Aid (MEDA) process to “help
airlines shift from blaming maintenance personnel for making errors to systematically investigating and
understanding contributing causes” (Graeber, nd) . The three principles behind the MEDA principles are: positive
employee intent, contribution of multiple factors that contribute to an error, and manageability of errors. With the
MEDA process, the traditional way of investigating errors by finding a person to blame is replaced with the new
effective method of learning what factors contributed to the error in order to prevent further mishaps.

Methodology
Participants

During the 2008 Mid-South Aviation Maintenance seminar, an FAA official announced the purpose of the
research and informed the audience the location in which the researcher was located for voluntary participation in a
human factors mechanic survey. AMT’s approached the researcher to obtain the survey and was instructed to drop
off the survey in an assigned container. Attached to the top of each survey was a university approved consent form
along with an explanation for the need of the research. In addition, contact information was provided if the
participant had questions regarding the survey or the study. There were 18 surveys collected with the participant
average age approximately 46 years old, ranging from 26 through 67 years old. The research process also included
open-ended interviews with FAA officials in which the researcher recorded notes in a journal along with tape-record
of interviews.

Design Approach and Instruments

The purpose of the study was to learn what type of human factors affect AMT’s performance and to what
extent have human factors impacted the safety of the aviation industry. Due to the nature of the inquiry process, the
researcher determined that a qualitative approach was necessary for the study. Wiersma and Jurs (2005) describe
qualitative research as an inductive inquiry process without any preconceived theories or hypotheses for the data
collection. The inquiry process included: a) designing and collecting human factors AMT survey, b). conducting
interviews with FAA officials, and c). collecting and reviewing the NTSB online aviation accident database.
Qualitative data analysis included condensing and organizing the data sets into categories that can be analyzed and
placed in emerging categories, themes, and patterns (Gough & Scott, 2000, Wiersma & Jurs, 2005). After all the
data was collected, the qualitative data coding began, and the key categories, themes, and patterns are reported in the
findings and conclusions of the study.

During data analysis, a triangulation matrix was utilized to ensure focus on the three overarching research
questions. The triangulation matrix is listed in Table 1.

233



Table 1. Triangulation Matrix

Overarching Question Data set Data Set Data Set
How many aircraft accidents with at least one | **NTSB online Researcher field AMT Human factors
fatality have occurred due to maintenance aviation accident journal survey

error from 1996 through 20067

database

What human factors and to what extent do ** AMT Human Interviews with Researcher field
human factors affect a mechanics, AMT, factors survey FAA officials journal

ability to safely conduct maintenance?

What are some cost-efficient solutions to **Interview with Researcher field AMT Human factors
decrease the effects of human factors which FAA officials journal survey

would result in an increase in aviation safety?

** Indicates the data set largely responsible for answering the overarching question

Survey and Interviews

Data Analysis

Once all the data was collected, the researcher began the qualitative data analysis. Given that qualitative
research analyzes words, not numbers, it is critical to carefully analyze the data and then revisit the data for further
analysis for possible categories, trends, and connections between categories (Ratclilff, 2008). In order to stay on
course, data was organized into categories relating to the overarching research questions. Quantitative descriptive

statistics was incorporated with the analysis of the AMT human factors survey. The procedure for analyzing the data
from the interviews with the FAA were also analyzed for common themes as well as any other important responses
the researcher felt would address the research questions.

National Transportation Safety Board Aviation Accident Database

To determine the number of maintenance-related aircraft accidents that resulted in at least one fatality for
the ten year span of 1996 through 2006, a review of the National Transportation of Safety Board’s (NTSB) aviation
accident database was necessary. Each maintenance-related accident was copied from the website into a computer
document and reviewed for emerging themes and categories. Just because a mechanical failure occurs during flight
does not indicate it was the error of an AMT. For example, there were several accidents caused because of engine
failure, in-flight separation of parts, and fatigue cracks. These were not accounted for as maintenance-related
accidents unless the report specifically cited the fault of maintenance, such as improper or inadequate maintenance.

Findings
Synopsis of Research Findings

With the extensive research of the National Transportation of Safety Board’s (NTSB) aircraft accident
online database, the most accidents and fatalities occurred within part 91 General Aviation operators. From 1996
through 2006, there were 141 accidents resulting in a tragic 215 fatalities. This should serve as a warning that
general aviation needs to improve aircraft maintenance programs. While there were 132 fatalities in part 121 Air
Carrier operator, this occurred in only five accidents over a ten year span. Unfortunately, when a part 121 aircraft
has an accident the results are generally more severe because of the large number of passengers on board.

Data analysis of the three data sets revealed there were common themes emerging from twelve categories.
The top four mechanical errors with the highest number of fatalities in order were: a).failure to properly complete
tasks, b).improper maintenance, c).improper installations and d). failure to detect or identify problems that occurred
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over an extended period of time. The following are the four most common categories of errors along with the

attributes assigned for each category:

e I goofed : Accidents that fall under this category listed the probable cause or contributing factors as failure
to properly complete the maintenance task. This category includes failure to properly torque, lubricate,
attach, secure, tighten, adjust, rebalance or balance, and failure to install various parts.

e Failure to maintain: Indicates an accident occurred due to improper maintenance by maintenance person(s)
or person acting as a mechanic such as owner/builder. Attributes for this category are as follows: improper
maintenance, improper replacement ,misrouting of fuel lines, improper assembly,
improper construction ,improper shimmying, misalignments, improper modification, and improper repair.

o Who needs directions?: Accidents that occurred from improper installations indicates the maintenance
instructions or directions were not properly followed by the mechanic. A few examples include: improper
installation of cylinders, fuel line, oil pump, and magneto contact points.

e Detective needed: The researcher discovered there were several accidents that occurred from failure to
detect or identify problems that occurred over an extended period of time. While these issues are not
always easy to detect, failure to notice these often subtle issues during inspections can lead to serious
repercussions. The accidents occurred from failure to detect or identify fatigue cracks, corrosion, erosion,
worn cables, and fretting in propeller blade.

Table 2 lists the categories along with the number of fatalities and type of operations for each category, and Table 3

provides number of accidents for various types of operations along with the associated fatalities.

Table 2. Number of fatalities and type of operation for each accident category

Categories

Number of fatalities

Type of operation

I goofed

123

Part 91 General Aviation

Part 121 Air Carrier Operator
Part 135 Air Taxi & Commuter
Part 137 Agricultural

Failure to maintain

69

Part 91 General Aviation

Part 121 Air Carrier Operator
Part 135 Air Taxi & Commuter
Part 137 Agricultural

Who needs directions?

53

Part 91 General Aviation
Part 135 Air Carrier Operator

Detective needed

43

Part 91 General Aviation

Part 121 Air Carrier Operator
Part 133 Rotorcraft External Load
Part 135 Air Taxi & Commuter
Part 137 Agricultural
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Table 3. Number of fatalities within the type of operation

Number of fatalities Type of operation Number of accidents
215 Part 91 General Aviation 141
132 Part 121 Air Carrier Operator 5
25 Part 135 Air Taxi & Commuter 10
5 Part 137 Agricultural 4
2 Part 133 Rotorcraft External Load 2

The human factors that were most prevalent among the attitudes of both AMT’s and the FAA officials were
demanding deadlines, environmental and personal distractions, and lack of proper use of maintenance manuals or
instructions. According to the AMT human factors survey, the top four distractions are as follows:

e 66% Cold/hot hangar temperatures

e 66% Interruptions while performing a task

e  44% Disorganization (having to track down proper manuals, tools, etc.)

e 38% Lack of resources
The most frequent stresses experienced at work are as follows:

¢  61% Demanding Deadlines

e 50% Sick while at work

e  50% Tension among employees and/or employer

e 38% Excessive workloads
Combing the survey results and FAA interviews, the researcher discovered AMT’s are not always following the
appropriate manuals and rather performing tasks my memory. When asked how frequently do you perform a task
from memory if it is a familiar task these were the responses:

e 61% Yes,Iperform a task from memory if it is a familiar task.

e 16% No, I do not perform a task from memory even if it is a familiar task.

e 22% On occasion I perform a task from memory if it is a familiar task.

Suggestions for Improving Practice

All of the aforementioned human factors, as well as any other human factor that affects a mechanic’s
ability to safely perform tasks, must be taken seriously by mechanics, supervisors, FAA and NTSB officials, the
United States government, and the general public. Safety should longer be compromised because of the desire to
make profit. Maintenance safety training should no longer be voluntary, but rather made mandatory by Federal
Aviation Regulations (FAR’s). Why do certain errors seem to repeat themselves in the aviation industry? Perhaps
errors occur because of pressure from management to complete a task and release the aircraft to the owner, or the
AMT has some type or personal distraction that takes his focus off of correctly installing a part. The NTSB accident
database does not report what caused the mechanic to make the error, but rather reports the specific error linked to
the accident. Simply put- because mechanics are human there will always be human factors affecting their
performance. The more awareness and training a person receives the more likely they are to recognize when human
factors are affecting performance and take proper action to handle the situation.
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Abstract

The constructs for collaborative network building include common tenets for the establishment of
communication channels not only within the network but for constituencies external to the network.
These constituencies are beneficiaries of the resulting knowledge which emerges and is disseminated. The
Safety Across High-Consequence Industries (SAHI) conference was formed in 2003 for the purpose of
bringing together safety leaders from multiple fields within the high consequence industries of healthcare,
nuclear power, aviation, and others. Through SAHI four multinational conferences have been convened
and resulted in bodies of safety knowledge available through widely distributed proceedings. In the
process of generating and establishing the SAHI conference, an informal collaborative network of
industry and academic leaders was formed with the goal of enhancing industry safety. Originating as an
informal grouping of concerned parties, this collaborative network has evolved through several iterations
and is currently being built around a more structured, technologically-based networking solution that
formalizes the relationships and advantages that have been built through the previous generations of
network collaboration. The next steps in this maturing evolution include the founding of the International
Journal of Safety Across High-Consequence Industries and the formal establishment of the SAHI
Collaborative Network. This paper serves the purpose of chronicling the development of SAHI and
establishing the foundation for the launch of the International Journal of Safety Across High-
Consequence Industries as a component of the National Center for Aviation Safety Research.

Development of the SAHI Collaborative

Several years ago, researchers from the health care and aviation industries wondered whether there were
any safety best practices that could be transferred from aviation to health care. As the discussion evolved,
the idea of a multidisciplinary conference focused on bi-directional transfer of best practices was born. In
March 2004, Saint Louis University took the leadership role in hosting the first conference on Safety
Across High-Consequence Industries (www.parks.slu.edu/sahi) with a goal to connect aviation, health
care, industrial safety and other critical-incident industries. The founding organizers of SAHI: Jeff Brown,
Tom Bigda-Peyton, Lou Halamek, Jim Bouey, and Manoj Patankar envisioned a forum for effective
scientist-practitioner integration with regard to safety research and the role this type of social
collaborative network could play in promoting safety.

The Safety Across High-Consequence Industries (SAHI) conference brings together professionals from
the medical, public health, and aviation industries to discuss solutions to current challenges and directions
for future research in safety. Convened every 18 months, the conference promotes cross-industry
discussions of safety and a balanced, scientist-practitioner approach to addressing safety issues. Of
significant importance, the SAHI conference is designed to provide a unique forum for researchers and
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practitioners to share their research results, present experiential case-studies and above all, forge new
friendships that foster collaborative problem-solving. (SAHI Conference Program 2008) SAHI
conferences, held at Saint Louis University include: 1st SAHI: March 9 & 10, 2004; 2nd SAHI:
September 20-22, 2005; 3rd SAHI: March 13-15, 2007; 4th SAHI: September 10-12, 2008.

In a review of the most recent SAHI conference, Block and Bigda-Peyton (in press) identified the most
critical safety concerns facing high-consequence industries. Conference attendees noted several key issues
affecting safety: the need for improved understanding of open-systems interactions; the role of
organizational culture in safety attitudes and behaviors; the importance of various approaches to
organizational change management and their impact on long-term change sustainability; and the role of
interpersonal communication in affecting the success of safety efforts. In consideration of these critical
issues, researchers with the National Center for Aviation Safety Research and the Department of Aviation
Science at Saint Louis University began formal development of the SAHI Collaborative Network.

Establishing a Formal Network Structure for the SAHI Collaborative

Collaborative networks are formed to bring together synergistic relationships for the purpose of
provisioning an optimal foundation from which to pursue common goals. (Metz, 2007). Many
collaborative networks begin through an informal or ad hoc gathering of parties based on common
interests. Such was the case for SAHI until the introduction of structure to optimize and expand upon the
initial successes. The formalized concept of a collaborative network for SAHI originated from work by
Bowen and Lu (2004) on the development of the policy research construct. Within that exploration,
Bowen and Lu conceived a process representation that allows for a methodological representation of a
working construct for the purpose of building a model for applications in an environment such as SAHI.
Through the application of the policy research construct and the research by Metz, the idea of a
formalized SAHI collaborative network was generated. To operationalize this concept, Block conceived
elements that would form an organizational structure to provide a sustainable and viable entity. (Bowen &
Block, 2008)

Today the Safety Across High-Consequence Industries Collaborative Network has been established as an
international collaboration with more than 100 active participants. Members and potential members are
primarily to be found among safety leaders in various organizations, safety researchers at other
institutions, and members of government offices concerned with safety. Joining the founding group, an
organized core of multidisciplinary professionals brought further vision to the SAHI concept. These
include Psychology (Sabin and Block), Business (Van Slyke and Miller), Aviation Education (Bowen and
Kelly) among others. The resulting evolved Network provides members opportunity to interact and share
ideas through participation in a knowledge-exchange forum for researchers and practitioners. This
(primarily) electronic network further allows members to seek assistance with safety issues, share best
practices, and engage leaders and researchers across industries in improving safety.

The Network centers on the 12 key contributors to the SAHI conferences, who serve as an active steering
committee providing guidance and oversight for the conference and the activities of the Network. General
membership in the Network is voluntary and is generally extended at the request of the potential member.
At certain times the active steering committee may encourage particular researchers or safety leaders to
join the Network if they have not done so. Members and potential members are primarily to be found
among safety leaders in various organizations, safety researchers at other institutions, and members of
government offices concerned with safety. While the primary focus of the National Center is on aviation
safety research, the practical focus of the Network encourages interest and effort across high-consequence
industries such as health care, nuclear power, environmental, as well as aviation.
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Transition from Informal to Formal Network Accelerated by a National Research Center

The SAHI Collaborative is a key element of the recently established National Center for Aviation Safety
Research (NCASR or National Center) at Saint Louis University. Improving safety in high-consequence
industries continues to be a significant priority for both industry leaders and safety researchers (Block &
Bigda-Peyton, in press). The Safety Across High-Consequence Industries Network Collaborative is thus
established to be an extension of the National Center. The National Center has been crafted to be a
dynamic organization which can transform and adapt to changing national priorities in aviation safety
research focused in the areas of:

Business Case for Safety Management Systems
Safety Culture

Multi-risk Assessment

NextGen Safety Assessment

Incident Investigation

Maintenance Aviation Safety Action Programs

ANl o e

The goal of the National Center for Aviation Safety Research at Saint Louis University is to serve as the
central resource for practitioners, researchers, and consultants to develop sustainable safety initiatives
across air transportation, as well as other high-consequence industries. The National Center will sponsor
experimental as well as applied/action research in aviation, health care and other high-consequence
industries; publish a globally disseminated research journal; host the Safety Across High-Consequence
Industries Conference; and develop specific training programs for multiple industries. (National Center,
2008).

Elements and Activities of the Maturing SAHI Collaborative

The goal of the Collaborative Network is to promote effective scientist-practitioner integration with
regard to safety research. To accomplish this goal, efforts of the Collaborative Network are structured
around 3 functions: 1) as a link between SAHI key contributors and industry/research leaders in safety; 2)
as an entry mechanism for incorporating new industries and organizations into safety discussions and
participation; and 3) as an outreach to industry, government, and the scientific community that is focused
on aviation safety practices, but is firmly based in aviation safety research and draws from research of the
NCASR. Specific industry partners such as airlines, air traffic control facilities, aviation maintenance
organizations, health care facilities, nuclear power plants and others serve as the field sites for research.
Lessons learned from one industry may be tested for transferability into another industry to maximize the
benefits of multidisciplinary research and development efforts. (Parks, 2008)

In connection with the three functions of the Collaborative Network, a significant number of Network
activities will focus on promotion of, and attendance at, the international Safety Across High-
Consequence Industries conferences. These conferences are an ideal time for Network members to
interact and share ideas with key contributors, to invite industry leaders to attend in hope of their future
participation in the Network, and to outreach in promotion of the scientist-practitioner approach to safety
program initiatives. In between conference meetings, members will publicize the work of SAHI and
National Center in their organizations and encourage other organizational leaders concerned with safety
to participate in the Collaborative Network through active, topical working groups. (Bowen & Block,
2008)

In addition to these activities, Network members are expected to participate in a knowledge-exchange

forum for researchers and practitioners. This (primarily) electronic forum allows members to seek
assistance with safety issues, share best practices, and engage leaders and researchers across industries in
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improving safety. Network members will have an opportunity to engage colleagues/researchers in an
ongoing dialogue on relevant safety issues. This approach moves safety-critical discussions beyond the
approximately annual meetings of the SAHI conference into the realm of a constant, iterative process of
safety improvement. By participating in an electronic collaborative entity, Network members will be able
to truly share information in a real-time format that encourages peer-to-peer learning; this truly embodies
the key message of the fourth SAHI conference, in which industry safety leaders agreed that they “don’t
compete on safety.”’(Patankar, 2008)

Participants in the SAHI Collaborative will include a cadre of academic fellow appointees for the purpose
of participation in graduate education. These fellows will form the nexus of multidisciplinary clusters that
facilitate graduate seminars within Parks College. It is envisioned that fellow clusters will emerge in each
area of SAHI focus. These areas include aviation, healthcare, power generation and transmission, and
other high-consequence fields with a common core element of safety systems management. (Bowen,
Lehrer, Patankar, & Block, 2008).

Research Dissemination Through Creation of a Multi-national Journal

In addition to the SAHI Collaborative Network, the National Center has launched, with world-wide and
well-established expertise, the International Journal of Safety Across High-Consequence Industries
(IJSAHI). The goal of the Journal is to cross boundaries so that overall systemic safety can result through
the integration of research and industry practice. The foundation relationships and targeted outcomes are
represented in an open conceptual design construct with intent to foster diverse membership growth and
dissemination of aviation safety research world-wide. Initial foci include but are not exclusively limited
to, the following fields: Aviation, Engineering, Health Care, Manufacturing, Nuclear Power, Security,
Technology, and Transportation. Topical areas covered include:

e Systems Safety: Research and Practice, Scientific Process, Strategies, Initiatives & Outcomes

e Advanced Technology Systems: Design, Technology Integration & Improvements, Forecasting,
Information Systems, Data-mining

e Culture: Ethics, Business, Management, Regulation, Safety Systems and Society, Policy
Development & Implementation

e Human Factors: Engineering, Logistics, Collaboration, Simulation, Risk Management &
Mitigation

e Education: Training, Communication, Learning Styles, Psychology, Case Study, Reporting
Systems, Information Transfer & Collaboration

e Economics: Fiscal Implications, International Relations

Through the journal, a global network of aviation safety research dissemination has been created, to be
linked electronically in an environment that fosters ongoing collaboration in addition to the multinational
conference meetings. The inaugural issue of The International Journal of Safety Across High-
Consequence Industries was launched in Spring 2009 at the International Symposium on Aviation
Psychology. (Bowen & Fink, 2008)

Conclusion
The SAHI Collaborative Network and the IJSAHI will contribute to meeting the ongoing research and
educational goals of the National Center for Aviation Safety Research. An action research model is

employed to extract data, conduct modeling, and develop concepts for deployment and dissemination
under the National Center’s direction. The research results will continuously feed back to the programs of
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the NCASR and subsequently improve systemic safety. Development of both the Collaborative Network
and the [JSAHI are innovative methods for creating a cross-industry focus on safety that moves beyond
basic processes to incorporate system-wide issues. Participation in both the Collaborative Network and
the IJSAHI by academic and industry community members is welcomed and encouraged. (Block &
Bigda-Peyton, in press). Through Network participation critical issues will be addressed and result in
effective scientist-practitioner integration with regard to safety research. The Safety Across High-
Consequence Industries Collaborative Network will continue to bring together professionals from the
medical, public health, power and aviation industries to discuss solutions to current challenges and guide
directions for future research in safety.
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TRANSFER OF SKILLS FROM MICROSOFT FLIGHT SIMULATOR X TO AN AIRCRAFT

Mark N. Callender, Wayne A. Dornan, Wendy S. Beckman, Paul A. Craig, Steve Gossett
Middle Tennessee State University
Murfreesboro, Tennessee

In the spring of 2008, with funding from the Aircraft Owner’s and Pilot’s Association,
Middle Tennessee State University performed a study to evaluate the transferability of
skills from Microsoft Flight Simulator X (MSFSX) to an aircraft for novice flight
students. Nine students practiced tasks in six MSFSX Flight Lesson modules until the
modules were successfully completed. The number of iterations required by students to
accomplish each module satisfactorily was recorded. These students, along with nine
others which comprised the control group, received flight training in a DA-40 for the
same six maneuvers. They were subsequently evaluated on the number of attempts
required to perform each maneuver successfully. The Transfer Effectiveness Ratio was
utilized to calculate the transfer of training from MSFSX to the aircraft for each
maneuver. The data suggest that the MSFSX packaged Flight Lessons modules have the
capability to improve novice student performance in an aircratft.

With fuel, insurance, and maintenance costs increasing, the cost of flight training is continuing to
rise as well. These increases, added to an already expensive endeavor, make affording flight training a
more difficult task for flight students. To counter these effects, simulation has become widely used to
support flight training curricula as a lower cost alternative. Several types of simulation devices are
available and approved for training by the Federal Aviation Administration (FAA). Flight simulators and
flight training devices (FTDs) are devices that provide high levels of realism with full sized cockpits and
visual systems; the difference being that flight simulators provide force cueing (CFR, 2007, Part 61)
while FTDs do not. These devices very closely replicate the aircraft they are meant to model; however,
the cost of these devices also more closely model the prices of the aircraft they represent. This relegates
their acquisition and use to larger flight training operations such as the military, airlines, and university
aviation programs. The FAA has approved the use of lower cost options in the form of personal
computer-based aviation training devices (PCATDs). PCATDs may be used for up to ten hours of
instrument instruction in both Parts 61 and 141 (FAA, 1997). They are much simpler than simulators and
FTDs, consisting of a computer, a monitor, flight and engine controls, and a means by which to control
other devices such as flaps and radios. The cost of these devices make them much more accessible to
smaller flight training operations; however, several thousand dollars (Koonce & Bramble, 1998) is still
out of reach for most individuals. Non-FAA approved PCATDs are commercially available in the form
of flight simulation games utilizing off-the-shelf gaming joysticks, yokes, and rudder pedals. With home
computers becoming more commonplace, adding these store bought simulation systems can be done for
less than $100. For anyone able to afford flight training, this cost is minimal. Advances in computer and
simulation technology have brought these “games” from relatively humble beginnings into very realistic
representations of flight, rivaling FAA approved systems. Although these inexpensive systems are not
approved and cannot be logged, they may still benefit flight students. Currently the average time required
for an individual to complete the Private Pilot Certificate is in excess of 75 hours (FAA, 2006), although
the minimum Part 61 time required is only 40 hours (CFR, 2007, Part 61). If a training device were able
to prepare flight students to more efficiently utilize their time in an aircraft, their aircraft training time
could be significantly reduced; thereby, reducing the cost of flight training.

In the spring of 2008, Middle Tennessee State University (MTSU) began a several month long
research project, funded by the Aircraft Owner’s and Pilot’s Association’s (AOPA’s) Air Safety
Foundation (ASF), in an effort to assess Microsoft Flight Simulator X ‘s (MSFSX’s) effectiveness as a
training aid for ab initio pilots. The study followed eighteen subjects from zero flight experience to
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successful completion of selected Private Pilot tasks (FAA, 2002) in MTSU’s Diamond DA-40 aircraft.
The effectiveness of MSFSX was determined based upon the established metric, the Transfer
Effectiveness Ratio (TER) (Roscoe & Williges, 1980). This research program differed from other studies
in that MSFSX is a non-FAA approved, inexpensive, commercially available system which can be used
independently of a flight instructor; and, the tasks evaluated were directed at ab initio pilots.

Transfer Effectiveness

Training aids are of benefit only if the experience they provide positively transfers to the aircraft.
Positive transfer means that time spent using the training aid reduces the amount of time spent training in
the aircraft. Neutral transfer indicates that use of the training aid had no effect on training time in an
aircraft, while negative transfer implies that more time was spent in the aircraft than otherwise necessary,
possibly due to poor habits imparted by the training aid. One method of determining the relative value of
training aids is the TER (Roscoe & Williges, 1980). This metric compares two groups and their number
of attempts at a particular task in the actual environment until acceptable performance has been reached.
One group has the opportunity to practice the task by using a training aid. The other does not. The
number of attempts taken to achieve proficiency by using the training aid then normalizes the difference
between the numbers of attempts each group made in the real environment. Symbolically, the TER is
given below:

Y -Y
TER=—"——
X

Y, represents the control group’s average number of attempts at a task in the actual environment
until proficiency, given no prior experience. Yy represents the experimental group’s average number of
attempts at the same task in the actual environment until proficiency, given prior experience utilizing a
training aid. X represents the experimental group’s number of attempts in the simulated environment
until proficiency is reached. The TER directly indicates the number of attempts saved in the real
environment relative to the number of simulated attempts. With information about the average time for
each attempt and cost per hour of the aircraft and simulator, the TER also indicates time and cost savings
achieved by simulation (Callender, 2008). Many research programs investigating transfer effectiveness of
flight simulators and FTDs look only at TERs; however, these devices are very expensive, requiring
substantial per hour fees. When this factor is analyzed, higher TER values become necessary in order to
justify the use of simulation even with positive transfer for certain tasks. This is where lower cost
simulation products become advantageous. They require much lower positive TER values to begin
providing cost savings to flight students.

Method
Participants

This MTSU study solicited volunteers from the local area (Murfreesboro, TN). Eligibility for the
study required that participants have no prior flight training, little to no experience using MSFSX, and
comfort using a computer. Preference was given to individuals who answered affirmatively to having a
strong desire to learn to fly. From the group of volunteers meeting these requirements, eighteen were
randomly selected to participate. Nine participants were placed in the control group and trained in MTSU
DA-40 aircraft by MTSU certified flight instructors (CFIs). Nine other participants were placed in the
experimental group to receive training using the MSFSX package followed by training in the DA-40. The
participants were not enrolled in a collegiate flight training program.
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Apparatus

The purpose of this study was to evaluate the effectiveness of MSFSX; therefore, this software
constituted the main component of the experimental simulation system. MSFSX is unique in that it has
built in interactive lessons utilizing a virtual flight instructor. This system, unlike most other flight
simulators, FTDs, and PCATDs, provides instruction, with feedback, without outside assistance;
therefore, no CFI was necessary for operation of this system. The hardware consisted of a Dell Optiplex
745 personal computer which met the minimum requirements of the software, with a 19” flat panel
display, and a Saitek PS33 Aviator joystick with integrated throttle levers. The system was placed on a
table top with a chair for the participant and a chair for an observer. The aircraft used by both groups
were MTSU Diamond DA-40s equipped with round dial primary instrumentation. MTSU CFIs provided
the necessary instruction for the aircraft training flights.

Training Curricula

The training curriculum used for the experimental group was based upon available lesson
modules within MSFSX. The selected lesson modules corresponded to six predetermined Private Pilot
tasks (FAA, 2002). Each lesson module consisted of a text based description/explanation of the lesson
with the expectations for successful completion clearly stated. Each lesson began with audio instruction
from the virtual instructor usually followed by a visual demonstration of the task. The participant was
then asked to perform the task within the prescribed tolerances. Exceeding the tolerances resulted in a
visual alert in the form of a message at the top of the screen and a verbal alert from the virtual instructor.
Lesson modules were completed in a specified order, with completion of one lesson being prerequisite to
completion of the next. Participants in the experimental group first completed all of the relevant MSFSX
lessons before transitioning to the aircraft, while control group participants immediately began training in
a DA-40. The same six tasks were trained in the aircraft in the same order as that prescribed for MSFSX.
Instruction in the aircraft was given by two MTSU CFIs following a script in order to standardize
instruction to all participants. The CFIs verbally introduced/explained a task, demonstrated the task, and
asked the participant to perform the task to certain standards. The standards used mirrored those within
the MSFSX lessons.

Data Collection

The tolerances within MSFSX were the basis for evaluation both within the simulation and in the
aircraft. During the MSFSX training, an observer recorded, on a data collection form, the number of
attempts it took a participant to complete a task without exceeding any parameter indicated by the
program. In the aircraft, the CFI first identified a tolerance exceedance and then recorded the number of
attempts it took a participant to complete a specified task without tolerance exceedance on a similar data
collection form. Both the MSFSX observers and the CFIs were given training within MSFSX or a DA-40
FTD, as appropriate, in recognizing and recording tolerance exceedances prior to working with
participants.

Design

This experiment utilized a control group and an experimental group. The control group received
training in the DA-40 aircraft only. The experimental group received training in both the aircraft and
MSFSX. The independent variable was whether or not a participant received prior preparation in
MSFSX. The dependent variables were the number of attempts until successful completion of the six
tasks trained. With only six dependent variables, ¢ tests were performed, following F tests for variance, in
order to assess whether significantly fewer attempts were required by the experimental group to achieve
proficiency at the prescribed tasks.
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Results

Since there were only two groups being compared and a relatively small number of tasks
evaluated, simple /" and ¢ tests were used to evaluate the difference between the mean numbers of
attempts for each group. Table 1 lists the mean number of attempts for each group by flight task. Table 2
lists the TER and p values for each task. Only one task showed a statistically significant difference in the
number of attempts taken by each group in the aircraft; however, five out of six tasks resulted in positive
TER values. The lack of significant differences between the majority of the means may be due to the
small sample sizes of the groups coupled with the large variances within some of the tasks. In the case of
Power-Off Stalls, the negative TER value may be indicative of negative learning effects due to the stall
lesson within MSFSX, or it may also be due to the small sample sizes.

Table 1. Average attempts to complete six piloting tasks in an aircraft

Experimental Control

Task M SD M SD
Straight-and-Level Flight 2 1.5 2.11 1.54
Constant Airspeed Climb 1.22 0.44 2.33 1.32
Constant Airspeed Descent 1.56 0.53 1.67 0.87
Slow Flight 1.56 0.73 2.11 1.62
Power-Off Stall 1.89 2.03 1 0

Steep Turn 2.78 2.82 3.56 2.6

Table 2. Transfer Effectiveness Ratios (TER) for six piloting tasks

Task TER p

Straight-and-Level Flight 0.04 0.88
Constant Airspeed Climb 0.36 0.03
Constant Airspeed Descent 0.03 0.75
Slow Flight 0.08 0.36
Power-Off Stall -0.25 0.22
Steep Turn 0.23 0.55

Discussion

Positive TERs indicate that beneficial transfer of training occurred. The magnitude of the TER
represents the extent to which this transfer occurred. That FTDs and flight simulators may provide
significant positive transfer has been shown in recent studies (Macchiarella, Brady, & Lyon, 2008);
however, positive TERs do not necessarily translate to financial benefit to the student pilot. Given the
high acquisition and operational costs of flight simulators and FTDs, flight training institutions must
charge substantial per hour fees for their use. This leads to a minimum positive value of TER at which a
cost benefit will be seen by a flight student. If a task to be trained has a TER lower than this minimum
value, although the transfer remains positive, training this task in the simulator will not necessarily benefit
the student financially. MSFSX, with acquisition cost for the software and joystick under $100 and no
operational costs thereafter, significantly reduces the minimum TER required to provide positive financial
benefit to student pilots. The acquisition cost for the software places it within the reach of many flight
schools and flight students unable to afford more expensive systems. Student pilots, utilizing MSFSX at
home, can train more conveniently and frequently than otherwise possible. It has been shown that when
the time spent training particular tasks in simulation increases, the transfer effectiveness decreases
(Roscoe & Williges, 1980). This means that as the time spent using simulation increases, the amount of
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benefit gained in the aircraft does not increase proportionally. The TER is therefore reduced. For higher
priced systems, this decrease in transfer effectiveness limits the amount of time that it is cost effective to
spend in simulation. However, for MSFSX, even though the transfer effectiveness would also likely
decrease as more time is spent, the lack of operational cost would allow extended use to provide ever
increasing transfer without additional cost as a concern. This increased transfer could lead to pilots
becoming more knowledgeable and proficient before attempting a task in an aircraft. This increase in

skill level may be able to reduce the average time required to achieve the Private Pilot Certificate, which
would also reduce the cost of obtaining the certificate.

Conclusion

The results of this study suggest that positive transfer is achieved when using MSFSX prior to
training in an aircraft. An expansion of this study with larger sample sizes and more pilot tasks should be
used to verify these findings. This study was performed in a highly controlled environment; however,
MSFSX was designed to be used by individuals independently. The study summarized above constituted
Phase I of a two phase AOPA-funded project. Phase II will follow participating flight students from non-
collegiate flight training programs from zero time through receipt of their Private Pilot Certificate. Study
participants will receive MSFSX, a joystick, and rudder pedals to use in their homes throughout their
flight training. The average number of hours these students take to receive the Private Pilot Certificate

will be compared to the average flight hours of students at the same training facilities who do not enroll in
the study. Phase Il is currently underway.
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COUNTERMEASURES TO MITIGATE EFFECTS OF FATIGUE AMONG FLIGHT ATTENDANTS: TO
IMPROVE TRANSPORTATION SAFETY AND PRODUCTIVITY

Lori J. Brown
Western Michigan University, College of Aviation
Kalamazoo, Michigan, United States
John Niehaus
Western Michigan University, College of Aviation
Kalamazoo, Michigan, United States

As airlines restructure and cut corners to make ends meet, flight attendants are experiencing a new
industry trend that must be put to rest. At many carriers, flight attendants are forced to work to the
point of exhaustion because of poorly scheduled duty time, lengthened duty days, or flagrant
company violations of schedules. Research efforts on human factors: including the effects of
fatigue, sleepiness, sleep disorders and circadian rhythms—on transportation safety has become a
top priority. Research has identified key findings concerning fatigue in the flight attendant
occupation, where sleep deprivation and disruption of circadian rhythms are known to occur
(Testimony of Patricia A. Friend, 2007). With models, new technology, and convenient logical
interface tools, we can anticipate worker fatigue and improve safety. Decreasing fatigue and its
associated errors, we would enable operational improvements to further meet business
requirements of today’s airlines, especially in these lean times.

As the deep concessions demanded of flight attendants during the recent and ongoing financial turmoil of the airline
industry have taken hold; it has become clear that airline management hopes to keep crews working longer duty
days, with greatly reduced time off between said duties. As stated by the AFA, “Some air carriers are routinely
taking advantage of a “reduced rest” provision in the Federal Aviation Administration’s Flight Attendant Duty Time
and Rest Regulations which allows the minimum rest of nine hours to be reduced to eight.” Flight Attendants have
reported that in some cases they have forgotten to perform critical safety functions, including the arming of doors
and even fallen asleep on the jump-seats.

The NTSB itself has recognized the danger posed by fatigue in the transportation industry, and has recommended
setting work hour limits for transportation operators based on fatigue research, in the areas of pilot fatigue, air traffic
control, and some research on maintenance fatigue. There is no doubt that pilot, air traffic control and maintenance
fatigue is of serious concern; however, the industry also needs to realize the flight attendant fatigue is also a serious
concern, particularly in the era of heightened security awareness (Testimony of Patricia A. Friend, 2007).

Research has shown that such work environments provided by the aviation industry, can result in an inability to get
to sleep (which may lead to further disruption of the circadian rhythm) and to the accumulation of sleep debt. The
results of these potentially cascading effects show themselves as a decrease in performance. Sleep loss has been
shown in several studies to create waking neurobehavioral deficits; which include vigilance degradations, increased
lapses of attention, cognitive slowing, short term memory failures, slowed physical and mental reaction time, rapid
and involuntary sleep onsets, decreased cognitive performance, increased subjective sleepiness, and polysomno
graphic evidence of increased sleep pressure (Nesthes, & Schroder, 2007).

A web-based survey conducted post 9/11, assessed the fatigue of flight attendants working for a major U.S. airline
(Sherry & Philbrick, 2004). This web-based survey revealed pervasive fatigue on a number of dimensions using
multiple measures. The authors concluded that the studied cohort was “clearly one of the most fatigued populations
we have studied.” The data from this study detailed that the average amount of sleep reported was 6.4 hours, an
amount known to cause fatigue problems, particularly if continued over a number of days.

According to the Association of Flight Attendants CWA (AFA-CWA), the Federal Aviation Administration (FAA)
finally delivered the flight attendant fatigue study to Congress, who requested it at AFA-CWA's urging in 2007.
Originally due back to the Transportation and Infrastructure Committee in June 2005, the FAA had been ignoring
the requests of AFA-CWA and Congress to release the results for over a year.
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Patricia Friend, AFA-CWA International President said "Fatigue has been overlooked for too long which is what
makes this study even more vital." The results confirm that flight attendants are frequently "experiencing issues
consistent with fatigue and tiredness" and that "fatigue appears to be a salient issue warranting further evaluation."
According to recommendations cited in the report, "based on the incident reports, flight attendant comments, and the
outcomes from the sampling of actual duty and rest time, it appears that the opportunities for adequate rest for flight
attendants need to be further evaluated.”

Modeling to Minimize the Effects of Fatigue on Cognitive Performance
Different bio-mathematical models of fatigue are available for use by flight attendants. The following is a list of a
few of the most accepted models and tools, including a very short description of each: (Neri D., & Nunnely S. 2004)

1. The Two-process Model (Achermann, 2004) is based on the assumption that there is a linear interaction
between a sleep/wake dependent homeostatic and circadian process that generates the timing of sleep and
waking.

2. The System for Aircrew Fatigue Evaluation (SAFE) (Belyavin and Spencer, 2004) is a program used to
assess the fatigue implications of aircrew schedules and uses the QinetiQ alertness model.

3. The Sleep, Activity, Fatigue, and Task Effectiveness (SAFTE) Model (Hursh, Redmond, Johnson, Thorne,
Belenky, Balkin, Strom, Miller, and Eddy, 2004) is based on the assumption that there are three
components: a sleep reservoir, circadian rthythm, and sleep inertia that combine additively.

4. The Fatigue Avoidance Scheduling Tool (FAST) is a fatigue assessment tool based on the above
mentioned, SAFTE. This model predicts the effectiveness of humans based on the amount of sleep and
allows users to determine the best schedule to avoid fatigue. This allows airlines additional risk
management, and can be used as a safety and accident tool, training tool, and to predict performance for
various work schedules (Hursh, S.R., Redmond, D.P., Johnson, M.L., Thorne, D.R., Belenky, G., Balkin,
T.J., et al., 2004).

Countermeasures

We can use results garnered from previous fatigue studies to suggest potential countermeasures to sleep and
circadian issues that flight and cabin crews encounter. Each individual crew member will benefit from these
countermeasures differently, and will need to later decide which garners the best results for them. This is why
education about fatigue and countermeasures is a crucial element of training. In order to maximize the success for
each individual crew member, researches suggest, trying different combinations for different periods of time to
discover what is the most effective (Fatigue Countermeasures Group, 2005).

One of the most crucial countermeasures is the early recognition of fatigue in yourself or other crew members.
Individuals must recognize fatigue in order to address it. Since it is difficult for people to estimate their own
alertness and fatigue levels, more objective criteria may help in assessment. Some of the signs that may be caused by
fatigue are: forgetfulness, poor decision making, slower reaction time, decreased vigilance, communication
difficulties, fixation, lethargic, and moodiness. If any of these signs are apparent, the individual can employ an
alertness strategy. Alertness strategies can be categorized as:

Preventive strategies: Those used before flying or between flights to reduce the effects of fatigue, sleep loss, and
circadian disruption. These are strategies that are employed prior to checking in for a trip, or during layover time.
These techniques can help ensure restorative sleep and minimize circadian rhythm interruptions. At home: get the
best possible sleep before flying, try to get at least 8 hours of sleep and use strategic naps. These techniques can help
to decrease the likelihood of the crewmember starting the trip with a sleep deficit.

Operational strategies: Used during flights to maintain alertness and performance. The only things that can reverse
physiological sleepiness, is a sleep period or nap. Strategic caffeine consumption while on duty to acutely increase
your alertness can be effective, though is not recommended within several hours before going to sleep. Stay
hydrated and be sensible about nutrition. Move, stretch, exercise (walk about the cabin), this is an advantage that
flight attendants have over a pilot, the feasibility to get exercise. Caffeine, activity, artificial indoor lighting, or other
stimulation, can mask sleepiness, and help you maintain a level of alertness until you can get sleep. These strategies
do not necessarily affect the underlying physiological mechanisms of fatigue, but focus on managing fatigue during
operations. Primarily, these short-term strategies help to stave off, or mask underlying physiological sleepiness
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(Fatigue Countermeasures Group, 2005). It is important to note that, when an individual uses two or more of the
countermeasures together, it can produce a “synergistic” approach, maximizing alertness and performance; thereby,
increasing safety and productivity.

Herbal Countermeasures

Valerian root is the strongest of the herbal relaxants. It is us