DOCUMENT RESUME

ED 340 849 CE 059 901

AUTHOR Redding, Richard E.; And Others

TITLE Cngnitive Task Analysis of PrioritiZzation in Air
Traffic Control.

INSTITUTICN Human Technology, Inc., Mclean, VA.

PUB DATE Jan 92

NOTE 399r.; For related documents, see CE 059 898 and CE
059 900.

PUB TYPE Reports = Research/Technical (143)

EDRS PRICE MF01/PCl16 Plus Postage.

DESCRIPTORS *Air Traffic Control; Air Transportation; Cognitive
Processes; Data Analysis; Data Collection; =Decision
Making; Decision Making Skills; Electronic Equipment;
Instructional Development; Instructional Systems; Job
Performance; sJob Skills; Job Training; Needs
Assessment; Postsecondary Education; *Problem
Solving; Program Development; Radar; Systems
Approach; =Task Analysis; *Thinking Skills

IDENTIFIERS *Experts

ABSTRACT

A cognitive task analysis was performed to analyze
the key cognitive components of the en route air traffic controllers'
jobs. The goals were to ascertain expert mental models and
decision-making strategies and to identify important differences in
controller knowledge, skills, and mental models as a function of
expertise. Four groups of participants from all 20 Air Route Traffic
Control Centers in the continental United States comprised a
hierarchy of skill levels ranging from current developmental
controllers with no formal radar training to expert controllers who
were supervisors. Seven data collection procedures were used:
unstructured interviews, structured interviews, critical incidents
interviews, paired problem solving, cognitive style assessment, DYSIM
(Dynamic Simulator) performance modeling, and DYSIM structured
problem solving. This fivrst phase resulted in the identification of
12 primary tasks, & mantal model representing expert controllers'
organization of doimain knowledge, three categories of controller
strategies, a hierarchy of goals and a set of methods used by experts
to achieve those goals. The findings were used to specify the
instructional content and sequencing for the Federal Aviation
Administration's new en route air traffic control curriculum.
(Appendixes include the following: 28 references; struztured
interview questions; scenarios for DYSIM performance modeling and
structured problem solving; a summary of critical incident types;
paired problem solving comparison diagrams and dictionary; a report
of COGNET (cognitive network of tasks) analysis; problem-solving
analyses of expert, intermediate, and novice groups; and statistical
analyses of cognitive style assessments.) (YLB)

I EEEEEREEEEERERRERERERRRRERRRRREEREEEERRRRRRRRRRERRRERERRRRERRRERERREREREEEEEE

* Reproductions supplied by EDRS are the best that can be made *

x from the original document. x
A A A AR A A A A A AR RAA AN KA A AA A A A A A A AAAA AL AAAAAAAARAAAARANRAAAAAAANRARAARANRARRARRANRARNRXRARRARNRK




ED340849

COGNITIVE TASK ANALYSIS OF
PRIORITIZATION

IN AIR TRAFFIC CONTROL

U.8 DEPARTMENT OF EDUCATION
Othce of Educational R h and Improvement
EDUCATIONAL RESOURCES INFORMATION

CENTER (ERIC)

Pf/Thu document has bmen reproduced as
recaived from the person of organization
originaling 1t

© Mino: changes have bean made to improve
raproduction qualily

® Poinis of view of opinions staled nthis ducu

men! do nol necessaniy represent othciat

OERI postion or policy

~PERMISSION TO REPRODUCE THIS
MATERIAL HAS BEEN GRANTED B8y

p
Pl ~

7 " ]
/v‘./' v 7 / . N
AN /f/)/\/%'-///

TO THE EDUCATIONAL RESLRCES
INFORMATION CENTER (ERIC).”

Developed By:

Richard E. Redding
John R. Cannon
Bruce L. Lierman
Joan M. Ryder
Thomas L. Seamster
Janine A. Purcell

Human Technology, Inc.
McLean, Virginia

January 1992

2 BEST COPY AVAILABLE



Abstract

A cognitive task analysis was performed to analyze the key cognitive components of the
en route air traffic controllers’ job.

Our goal was to ascertain expert mental models and decision-making strategies, and to
identify important differences in controller knowledge, skills, and mental models as a function
of expertise. By comparing experts, intermediates, and novices, the cognitive analysis provides
a much better understanding of skill progression than would traditional, behavioral methods of
task analysis. This understanding can serve as a foundation for improving the training of
professional air traffic controllers, and provides important insights into improved training
methods for other complex, high-performance job environments that require speedy decision-
making and prioritization of competing tasks (such as aircraft flight decks, nuclear power plant
operation, and combat information centers).

This report presents the results from the first phase of data collection and analysis. '’his
phase involved seven data collection and analysis techniques including structured/unstructured
interviews, critical incidents interviews, paired problem-solving, cognitive style assessment,
simulated performance modeling, and structured problem-solving. This first phase resulted in
the identification of twelve primary tasks, a mental model representing expert controllers’
organization of domain knowledge, three categories of controller strategies, and a hierarchy of
goals and a set of methods used by experts to achieve those goals. The findings are being used
to specify the instructional content and sequencing for the Federal Aviation Administration’s new
en route air traffic control curriculum.

This research represents one of the first uses of cognitive task analysis to support the
development of a complete curriculum for the training of a complex, high-performance task.
The results suggest exciting and innovative approaches for air traffic control training, as well
as for training other tasks that must be performed in a time-constrained, multi-tasking
environment.
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INTRODUCTION

CONTEXT

FAA is embarking on a major redesign effort to improve the training of en route air traffic
controllers. The first part of this endeavor is a front-end analysis project that will result in
a comprehensive biueprint for all subsequent curriculum redesign and development efforts.

Figure 1, on the following page, summarizes the major components of the front-end analysis
project. As is illustrated in Figure 1, the cognitive analysis of the en route ~ontroller job is
one major track of the front-end analysis effort. This cognitive analysis is important and
unique because the results of the cognitive analysis are to be used to svoport an entire
curriculum redesign, including recommendations on content, instructional sequencing, media
selection, and training delivery.

o - Page 1
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GOALS

The overall goal of the cognitive analysis is to better understand and describe the cognitive
components of en route air traffic control so that training of controllers can be more
effective and efficient.

The subgoals of the analysis are to ascertain and analyze expert mental models and
decisionmaking strategies, and to identify and analyze important differences in controller
knowledge, skills, and mental models as a function of experience and expertise.

By comparing experts, intermediates, and novices, the cognitive analysis provided a much
better understanding of the progression from novice to expert controller.  This
understanding will serve as a foundation for improving the content and delivery methods of
the en route air traffic control curriculum.

Historically, experienced controllers have passed on their cognitive expertise informally
through on-the-job training and working together on the floor. The cognitive analysis
enabies the "capturing” of this rich expertise so that it can be systematically transmitted to
developmental controllers.

The focus of the prioritization analysis was on the development of practical information that
will be directly applicable to the er route carriculum redesign process. The guiding
perspective was that the cognitive analysis will be useful to the extent that it produces data
that can be readily used to improve the training of controllers.

Page 3
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GENERAL APPROACH

The framework for the cognitive analysis was a modification of the integrated task-analysis
methodology developed by Ryder and Redding (1990). The analysis was iterative, involving
two progressive cycles of data collection, analysis, and interpretation, conducted in three
interrelated content areas -- knowledge, skills, and mental models (see Figure 2).

Recent research in cognitive analysis suggests that the determination of decisionmaking
procedures and skills is not a ene-pass process (e.g., Breuker & Wielinga, 1987). Rather,
it involves progressive refinement. The need for multiple analysis stages is analogous to the
iterative nature of any system design process in which design begins at a gross level and
becomes progressively more specific and fine-tuned.

In this two-stage analysis approach, each stage involved planning, data collection, data
analysis, and interpretation. The two cycles helped prevent collection of large amounts of
irrelevant data. Instead, effort was targeted on those areas requiring detailed analysis.

Using this framework, knowledge, skills, and mental models were analyzed more thoroughly
in each progressive stage. Also, the information produced in the first stage was used to
refine the data collection procedures and analyses that were conducted in the subsequent
stage. The goal of Stage 2 was to determine how controller knowledge, skills, and mental
models differ as a function of level of expertise. This entailed determining how novice and
intermediate controllers approach job tasks and problem situations, and comparing these
approaches to the heuristics, strategies, and skill refinements used by experts. By conducting
this analysis after the Stage 1 analysis, the data collection was 1efined to better assess
knowledge and skill areas that were likely to separate novice from expert performance.

During all phases of data collection and analysis, a variety of procedures and measures were
used to capture expertise and skill differences in a’r traffic control in order to obtain
convergent validity.

The general approach outlined above will be used throughout the cognitive analysis f all
major controller functions. The focus of this analysis was on the major controller function
of prioritizing. The methodology will be refined as needed, and cognitive analyses will be
conducted on the remaining major controller functions.

The remainder of this document describes the cognitive analysis of the prioritization
function.

Page 4
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METHOD

PARTICIPANTS

There were four groups of participants, resulting in a hierarchy of skill levels ranging from
current developmental controllers with no formal radar training to expert controllers who
are currently supervisors. It was important to represent various skill levels to permit analysis
of skill progression and expertise development.

Experts included two subgroups: S Supervisor/Full Performance Level (FPL) controllers
(Mean Age = 47.2, SD = 3.27; Mean Yrs. FPL = 18.8, SD = 3.27) and 7 FPL's with more
than 5 years of FPL experience (Mean Age = 46.7, SD = 7.65; Mean Yrs. FPL = 14.6, SD
= 6.58). All participants in these groups were male.

The intermediate group included 13 FPL’s (11 males, 2 females) with less than 1 year of
FPL experience (Mean Age = 29.7, SD = 2.50; Mean Yrs. FPL = .77, SD = .19).

The novice group included 11 developmentals (10 males, 1 female; Mean Age = 26.5,
SD = 2.42).

Participants were drawn from all 20 Air Route Traffic Control Centers in the continental
United States.

DATA COLLECTION PROCEDURES

Prior to data collection, the overall goals of the project were explained to the participants,
and anonymity was ensured. (Participants are not identified by name in the analyses or this
report.) The participants were also given a pre-briefing before each procedure, to ensure
that they understood the task.

Seven data-collection procedures were used: unstructured interviews, structured interviews,
critical incidents interviews, paired problem solving, cognitive style assessments, DYSIM*
performance modeling, and DYSIM* structured problem solving. [Each procedure is
discussed in the following sections. All data collection took place at the FAA Academy in
Oklahoma City.

*NOTE: Technically, the Academy simulator is a VAX-based stand-alone simulator rather than a Dynamic
Simulator (DYSIM), but DYSIM is used throughout the report to emphasise that data were collected from
simulated situations rather than live-traffic situations.

o Page 6
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”

Unstructured Interviews

In order to orient experimenters to air traffic control and to begin to get a gross-level view
of mental models and strategies for prioritization, unstructured, open-ended interviews were
first conducted with five supervisor FPL’s.

Structured Interviews

This procedure was developed after Stage 1 data collection. Preliminary analysis of the data
obtained in Stage 1 revealed the task domains critical for prioritization as well as key
decision points in ensuring separation. Based on this information, specific questions were
developed designed to determine priorities for strategy/technique selection. Half of the
participants in the intermediate and novice groups were asked a series of structured
interview questions, listed in Appendix A. Inaddition, a separate group of four experienced
FPL controllers responded in writing to the structured interview questions.

Critical Incidents Interviews

The critical incidents method, developed by Klein, Calderwood, and MacGregor (1988) is
designed to elicit the experiential cues experts rely upon -- i.e., the "gut-level” or intuitive
knowledge an expert acquires over the course of experience that he or she brings to bear
in critical situations. This retrospective interview approach, focusing on nonroutine cases,
offers a rich source of data about expert capabilities. Experts frequently rely on intuitive
knowledge, but often are unable to verbalize it. Difficult or critical situations, however, can
serve to bring such knowledge to conscious awareness because the expert may use his or her
knowledge and skills in a more conscious, attention-demanding fashion when the novel
situation taxes the expert beycnd his or her normal range of capabilities. Moreover, such
critical situations often can best distinguish expert strategies because true expertise involves
the succes: vl and efficient performance of novel, difficult, or complex tasks.

Tive supervisor FPL's were individually interviewed during two interview sessions, each
Jasting about two hours. Participants were asked to identify and describe "critical incidents”
that have occurred to them in their experience as controllers. These incidents were defined
as unusual and/or difficult situations the controllers have encountered in which they felt
their expertise and experience made the critical difference in outcome. Often, these were
situations in which there was a near or actual "DEAL."

Participants were asked to "walk the interviewer through" what happened in a step-by-step

fashion, explaining their goals and each step taken to arrive at the goals, from the time the
situation first presented itself to its resolution.

Continued . . .
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#

Critical Incidents Interviews (Continued)

During the second session, the experimenter repeated the incident(s) back to the participant,
verifying the situation, goals, and each action step. Participants were also asked to think of
possible alternatives to each step taken, and to explain why an alternative might be used.

For each action taken or goal/subgoal stated, participants were asked a series of questions:

«  What were you seeing here? Visualizing? Hearing?

«  What were you sensing about the situation at this point?
»  What were your instincts telling you here?

: Was there time pressure, stress involved at this point?

«  What were your goals at this time? -

¢  What information did you bring to bear at this point?

«  What experience did you find particularly useful?

After the above questions were asked about each specific problem-solving step or goal, the
following questions were then asked about the situation as a whole:

+  What made you remember the incident?

+  How did your experience make the difference in this case?

«  What did you do, because of your years of experience, that even a very good but new
FPL might not have done?

«  Can you think of any specific training/rules of thumb that would help a ..ovice to deal
with the situation as effectively as you did?

«  When you were confronted with this situation, did it remind you of any similar
situations? If so, how did those similar previous experiences help you to solve the
problem?

. What key feature(s) of the situation would have made the incident not critical, i.e., not
unusual or difficult?

All interviews were audiorecorded and fully transcribed for data analysis.

Paired Problem Solving

The paired problem-solving technique (see Means & Gott, 1988) involves having
participants develop problems themselves and then giving them to one another, thus directly

involving participants as collaborators in the research. This collaboration stimulates them
to provide a richer description than would be given by one participant alone.

Continued . . .
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Paired Problem Solving (Continued)

The paired problem-solving format allowed the reasoned development of a problem-and-
solution sequence by various levels of controllers. Unlike the other exercises where an
actual time-sensitive problem was in progress, controllers could change their minds and
modify solution sequences in these exercises, and discuss their reasons for so doing.

This flexibility made the paired problem solving a good complementary exercise to the
structured problem-solving and performance-modeling exercises conducted as part of this
study. The format of the intcrviews provided good insight into the controller’s conscious
reasons for taking each action, and the solution sequences provided a step-by-step
comparison of goals and means. The primary limitations on the methodology are that it
does not allow development of the problem over time, or use of chronological cues for
solution. Also, in the exercises created by the controllers, many cues are absent that would
be used in the controller work environment and the exercises do not include housekeeping
tasks such as data block updating, flight strip marking, and display clutter reduction.

All participant groups participated in this exercise, which consisted of two sessions. During
the first session, each participant was asked to develop a difficult problem on paper (i.e., to
sketch out and explain the problem on a paper sector map). Controllers were told to create
a situation that would be difficult for an expert, and that had a "best" solution sequence.
The problem should have some items that needed immediate attention, and some that might
not be so immediate so the controller would have to prioritize actions. Each controller was
given a map of Aero Center Sector 02 and a set of blank flight strips or sheet of paper to
write out the flight plans for the aircraft. The aircraft positions were marked on the map
to show the position of the aircraft at the time of the problem.

With the experimenter present, the participant constructed a scenario specifying the problem
situation, including drawings depicting various points in the problem scenario. A solution
path toward solving the problem was then generated by the participants identifying each step
to be taken toward a solution (e.g., vector aircraft 1 left 30 degrees), the hypotheses or goals
motivating each action step (e.g., to eliminate conflict between aircraft 1 & 2), the perceived
consequences of each action, and what information is required at each action point to solve
the problem. Additionally, the participant was asked to anticipate, for each step along the
solution path, any alternative steps that could be taken. The experimenter asked the
following series of probe questions.

To determine how the expert conceptualizes the problem-space:
«  What is ithe problem, as you see it?

Why do you think that?
What does this information tell you?

Continued . . .
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Paired Problem Solving (Continued)
To determine steps:

«  What would you do first?
e  What would you do next?

To determine information used and hypotheses generated:

«  How would you know to do that?
e  What would happen if you did that?

To determine the consequences of each step:

«  What would the result of that step be?
e  What would happen if you did that step?

To determine feedback drawn from consequences:

What would that tell you?
e  What would you think after getting that result?
+  How would that change your conceptualization of the problem?

To determine alternate solution paths:

o At this point, what might someone else do?
+  Why would someone do that rather than what you did?
«  Would a novice controller typically do the same thing at this point?

This procedure typically resulted in several problem graphs depicting how the problem might
be solved.

During the second session, the participant who generated the problem then presented it to
another participant, who was asked to explain each step he or she would take toward solving
the problem (as was the first participant who generated the problem). The problem
originator first gave the solving controller a short briefing of the information on the flight
strips and on the map, similar to the relief briefing given when one controller relieves
another at a radar console in the center. After getting answers to any questions concerning
the information in the problem, the solving controller developed out loud a solution
sequence for the problem. Next the originator controller’s solution sequence was read aloud
so the sclving controller could hear how the originator saw the probiem.

Continued . . .
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Paired Problem Solviag (Continued)

The interviewers then led the controllers in a discussion of the problem, including a
discussion of any alternative solutions that might have been used, any situations in the
problem that either controller thought the other had not addressed, and the situations in the
problem a novice controller might have had difficulty with. When interviewing the novices,
the interviewers asked what parts of the problem the novice controllers thought were
particularly difficult.

The paired problein solving sessions were audiorecorded and fully transcribed for data
analysis.

Cognitive Style Assessments

Cognitive styles are relatively consistent individual ways of perceiving and processing
information. There is evidence in the research literature that cognitive styles affect both
problem-solving performance (Kemler Nelson & Smith, 1989; Long, 1974; Messer, 1976) and
learning (Messick, 1984; Witkin, Moore, Goodenough, & Cox, 1977). Because of these
previous research findings, even though cognitive styles were not a primary focus of the
present study, it was decided to make some initial assessments of the cognitive styles of the
controllers who participated in this project.

Two measures of cognitive style were administered to all of the controllers in this study:
the Matching Familiar Figures Test and the Group Embedded Figures Test.

The Matching Famiiiar Figures Test (MFFT), developed by Jerome Kagan, is a measure of
a cognitive dimension called "reflection -- impulsivity." Previous research has shown that
individuals who are more reflective tend to perform better than those who are more
impulsive on tasks that require attention to detail (Morris & Rouse, 1985; Zelniker &
Jeffrey, 1976). On the other hand, there is some evidence that individuals who are more
impulsive tend to perform better than those who are more reflective on tasks that require
rapid, overall synthesis of information (Zelniker & Jeffrey, 1976). The MFFT requires test
takers to look at a line-drawing figure and then find that exact figure among eight similar
figures that are only slightly different from each other. The test takers are scored on both
the speed with which they respond and the accuracy of their responses.

The Group Embedded Figures Test (GEFT), developed by Herman Witkin and his
associates, is a measure of a cognitive dimension called "field dependence -- field
independence." Previous research has shown that individuals who are more field
independent are better able than those who are more field dependent to perceive and
process pieces of information apart from the context or environment in which the pieces of
information are presented (Witkin & Goodenough, 1981).

Continued . ..

Q Page 11
ERIC 14

Full Tt Provided by ERIC.



COGNITIVE ANALYSIS REPORT: October 31, 1990

Cognitive Style Assessments (Continued)

In addition, field independence has been found to be positively related to performance on
a variety of tasks that require analysis and problem-solving skills (Goodenough, 1976;
McDonald & Eliot, 1987; Thomas, 1983). The GEFT requires test takers to look at a
simple geometric figure, and then find and trace that figure in a much more complex
geometric design. The test takers are scored on the number of figures correctly traced out
of 18 test items.

DYSIM Performance Modeling

The purpose of this procedure was to capture the actual, real-time performance of subject-
matter experts (SME’s) in order to develop a model of expertise in the task.

The individual DYSIM performance of five supervisor-SME’s was recorded by video
cameras that captured visual angles of the radar display as well as the controllers’ hand
motions. All controller and ghost-pilot verbalizations were also recorded. Additionally, a
paper copy of all controller entries as well as ghost-pilot responses was obtained by way of
a VAX computer printout. Each participant completed four problem scenarios, each lasting
between 20 and 35 minutes, with a short break after the second session. Since the purpose
was to capture real-time performance, participants worked the situations without
interruption from experimenters.

To capture workload and situational factors, the four scenarios represented two different
problem situations which included two levels of complexity (65% vs. 100%), resulting in a
2 x 2 design. A description of each scenario is included in Appendix B. The order of
scenario presentation was counterbalanced across participants.

Following the first session, which involved uninterrupted performance on the four problem
scenarios, a subsequent session was conducted the following week. The initial session was
replayed to the participant who was asked to describe, for each action taken, his/her
intentions and expectations of outcomes. Experimenters prompted when appropriate, and
asked the following series of questions regarding each discrete action the controller took:

What were you paying attention to here?
What'’s going on now that’s most important?
What were you doing? Why?

Why was it most important to do that?
What were you thinking about in doing that?
What was vour goal?

Why did you do it now?

Continued . ..
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DYSIM Perfsrmance Modeling (Continued)

Did you have to do it? Now?

What activity was it part of?

How does it relate to what you did just before it?

How do you know what ne=ds to be done next?

What inight you have done dcifferently?

What were you concerned about becoming a problem?

What did you see as being the critical events at this point?

How were you feeling about the situation, at this particular point?

e O & @& o o o ¢©

The followup session resulted in the production of a post-experimental timeline protocol,
upon which each participant’s responses were related to each action taken in sequence, with
the overlay of relevant task-global contextual parameters.

DYSIM Structured Problem Solving

This task was designed to capture performance strategies across participant groups in an
actual, real-time environment. All of the experts and half of the intermediates and novices
completed this exercise on the DYSIM equipment.

All sessions were recorded by video cameras that provided simultaneous views of both the
radar display and the controllers’ hand motions. In order to capture workload, situational,
and display (i.e., data availabiliiy) factors, each participant was presented with four problem
scenarios representing four general categories:

1) Typical problem, of low complexity (65% complexity requiring prioritizing under
normal traffic conditions)

2) A problem representing a job bottleneck, but of low complexity (65% complexity
requiring planning and visualization)

3) A typical problem of low complexity (65%), but with time constraints

4) A typical problem of low complexity (65%), but without complete flight data
information

Categories 3 and 4 above are particularly useful in revealing expert strategies and subtle and
refined aspects of expert reasoning,.

Appendix C provides a detailed description of each problem scenario.

Continued . . .
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DYSIM Structured Problem Solving (Continued)

Each scenario lasted about 30 minutes, with the order of presentation counterbalanced
across participants. Participants were given a half-hour break aiter the first two provlems.
During the sessions, participants were asked to think aloud as they went about solving the
problem. They were instructed to describe what they were thinking, rather than simply
describe the overt actions they took. Participants, however, were not asked to introspect on
their thought. Rather, they were encouraged to provide a "stream of consciousness” account.
One limitation of other methods that rely on retrospective reports (i.e., describing thought
processes after task completion) is that such reports are often less complete and/or accurate
than reports based on participants’ describing their thoughts while actually performing the
task.

Participants were prompted to think aloud frequently by experimenters, but this was done
as unobtrusively as possible in order to avoid disruption of the problem-solving process.
Participants were prompted when there were long pauses or logical gaps in their
verbalizations, or in order to seek clarification, fill in gaps, or elicit relevant information.
At pre-specified S-minute intervals, the scenario was frozen, to provide an opportunity for
discussion between controller and experimenter about the problem evolution and actions
taken.

MEASURES AND DATA ANALYSIS
Unstructured And Structured Interviews

A content analysis was performed on the interview transcripts to support development of
a flowchart and listing of strategies. Additionally, results of questions explicitly asking
participants about task priorities were tallied across the three participant groups.

Critical Incidents Interviews

A total of 30 critical incidents were generated across the five participants. A listing
summarizing incident types is contained in Appendix D. However, because participants had
considerable difficuity recalling truly critical incidents (as opposed to just difficult, but
relatively normal situations) and also because many of the accounts were aot very rich in
terms of steps or goals (i.e., involving only one or two steps toward solution of a relatively
routine problem), data analysis was done in an iterative fashion in which a first-pass,
preliminary analysis was done to select incidents for further analytic effort. This resulted
in a total of 11 incidents retained for the analysis (37% of all incidents), with at least one
incident per participant.

Continued . ..
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Critical Incidents Interviews (Continued)

A content analysis was performed on the interview transcripts of these 11 incidents. This
analysis aimed at identifying and classifying cognitive optimizing strategies and experiential
cues used by experts.

Several limitations were noted in the use of this method in this context. First, critical
incidents were obtained only from the supervisor group of controllers who had been away
from full-time controlling fo: some time. This situation may have limited their ability to
recall incidents. There was also difficulty in eliciting specific incidents, perhaps for the same
reason (i.e., "every day is an incident"). Some "incidents" elicited were not really critical
incidents at all. Rather, they were generic descriptions of difficult control tasks (these were
deleted altogether from the analysis). Finally, some controllers appeared uncomfortable in
relating such incidents to others, perhaps feeling a sense of embarrassment. Incidents
generated varied widely in quality in terms of detail and the degree to which they actually
represented a true "critical incident."

Paired Problem Solving

To a large extent, resolving undesirable situations is the esserice of expertise in air traffic
control. Any noteworthy change in the situation (weather, winds, traffic density, special
requirements, etc.) has a negative effect, which will require a corrective action from the
controller. The severity of the undesirable situation may vary radically, from overlapping
data blocks to imminent midair conflict.

Based on our experience in the paired problem-solving exercises, we define the controller’s
cognitive task as follows: to find the least costly (in terms of mental resources) means to
resolve an undesirable situation. This definition provides the basis for our analysis of
controller actions. Our analysis methodology was to:

1) Develop measures of the mental resource cost of various means to solve a situation.
2) Find measures of the undesirability of a given air traffic control situation.

3) Determine prioritization rules used in selecting procedures to meet task goals.

These measures provide standards to describe expert controller skills. They also provide
means to measure differences between expert and novice controllers.

Page 15
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First, the interviewers developed a sequence comparison diagram that showed the degree
of congruity between the two participants’ solutions to each problem. This was done by
listing the reasons for the first controller’s actions down the center of the page, then listing
the originating controller’s actions in sequence down one side of the page and the second
controller’s actions taken for each reason down the other edge of the page. This diagram
showed the degree to which the controllers addressed the same kinds of problems
("reasons") in the same order. If the solving controller listed any reasons not given by the
originating controller, these were listed at the bottom of the original diagram, and the
matching sequence steps were listed beside them. Appendix E contains the comparisen
diagrams from the paired problem-solvirig exercises.

Modified GOMS Analysis Methodology

GOMS models provide a format for representing knowledge of procedures as a set of means
and ends. GOMS is an acronym standing for:

Goals Desired end states or results.
Operators Actions that can be taken, such as a keyboard entry.
Methods Sequences of operators or actions taken to satisfy a goal or some

part of a goal.

Selection Rules Criteria for selecting methods to accomplish goals in any given
situation.

This methodology for modeling and decomposing knowledge is well suited to the analysis

of controller expertise. Controllers are engaged in a goal.directed activity, i.e., the
elimination of undesirable situations. Operators are represented in specific controller

acticns, as described while "solving” the paired problem exercises. The methods are
represented in larger order activity descriptions such as "coordinate” or "separate,” which
imply a sequence of actions. Selection rules are the heuristics and logic used by controllers
in deciding what to do at any given time. These selection rules are generally synonymous
with prioritization, which is the subject of this analysis.

X Page 16
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A structured dictionary was formalized with a comprehensive list of verbs, noun/objects,
problem categories, goals, actions, means, and conditional statements. This set of standard
terminology was developed and maintained to establish definitions for all terms used in the
paired problem-solving analysis. The dictionary is provided in Appendix F.

The primary an~lysis tool was the solution sequences recorded during the exercises. The
solution sequences provide a strong basis for the analysis because:

1) They contain information about goals (objectives of problem resolution) inferred from
the reasons given for each sequence step.

2) They contain information about goals priority (sequencing of objectives) inferred from
the reason sequence.

3) They contain information about means (actions available to achieve each objective)
inferred from the actions taken in each step.

4) They contain information about means priority (priority of actions) inferred from the
frequency of occurrence of the action.

Definition Of Problem Categories

The next step in the paired problem-solving analysis was a definition of problem categories.
Problem categories are a finite set of problem types derived from the reasons given by
controllers for taking a particular action. The categories were described in operational
terms (e.g., "separate two conflicting 2 .craft"). All the categories found in the problems
were listed in the structured dictionary.

The actions also were recorded in the dictionary. As with problem categories, the action
list was expanded as each exercise was analyzed. Action categories required less
interpretation, because they generally corresponded to the verbs used in the solution
sequence notes (e.g.,, vector, climb, descend).

Page 17
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Goals And Methods Analysis

Goals were derived from comments made by controllers during the discussions of the paired
problem-solving exercises. Goals were classifications of objectives based on the perceived
consequences of inaction to the situation. That is, since the controller’s overall goal is to
deal with undesirable situations, goals are classified based on how bad the controller thought
the situation would get if no action was taken. The goals and the hierarchy of goals are
described in the results section of the report.

Methods descriptions were derived from classification of actions based upon the amount of
effort required to complete the action. That is, actions were grouped based upon an
evaluation of the "mental resources” required to complete the action. For example, a
computer input is a highly automated task with a completely predictable outcome, and
therefore requires a minimal amount of attention to complete. An off-frequency
coordination with another facility requires the controller to plan the request, change
frequencies, make the communication, and possibly negotiate with the facility for the desired
action. Therefore, an off-frequency coordination requires more mental resources to
complete than a computer input, and represents a different methods class. All actions were
sorted into four methods classes based on judgment of mental resource requirements. The
methods classes and the relative mental resource requirements of each method are
described in the results. section.

Once the mapping of problem categories to goals and actions to methods classes was
completed, the goals and methods priorities were developed.

Goals priorities rules were determined from the sequence of goals in the problems. The
assumption underlying this analysis is that the controller will attend to the highest priority
goal first, and attend to lesser priorities in order from most to least important.

Methods priorities (preference for particular methods) rules were determined from the
frequency of the particular methods selections. This analysis makes the assumption that in
any given situation, the controller has a choice of several methods categories, and will select
the one(s) viewed as most effective. This interpretation is subject to limitations based on
the type of situation presented in the problem. The controller cannot choose to hand off
an aircraft not planned for transition to the other facility and not physically located close
to another facility, but in a summative analysis any clear preference for one method over
another should still appear. Also, any differences in methods choices between controllers
of different experience levels should be detectable.
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Cognitive Style Assessments

Standard descriptive and inferential statistics were computed on the data derived from the
administration of the Matching Familiar Figures Test (MFFT) and the Group Embedded
Figures Test (GEFT) to all participants in this study.

DYSIM Performance Modeling

The COGNET (which stands for COGnitive NETwork of tasks) modeling procedure,
developed by Zachery, Ryder, & Zubritsky (1989), was used. COGNET is a framework for
modeling human-machine interaction and decision making in complex, real-world
environments, particularly those that unfold in real-time and make multiple demands on the
attention of the human decisionmaker. Air traffic control requires the operator to share
attention among competing task demands and involves dealing with real-time problem data.
Consequently, it is a prime example of the type of job that COGNET is ideal for modeling.
A full explanation of the COGNET theoretical approach and analytical procedures is given
in Appendix G. This procedure involves decomposing the task performance timelines into
various levels ("panels”) within an overall knowledge structure representation ("Mental
Model"). Additionally, a task decomposition procedure is used which segments the task into
common cognitive goals and activity chunks, and then identifies the critical subgoals within
each task. Tasks were grouped into similar areas and assessed by asking the following
questions:

"Is task A a kind of task B (or vice versa)?"

"Is task A a part of task B (or vice versa)?"

"Are tasks A and B both instances of some more abstract task C?"
DYSIM Structured Problem Solving
Participants’ verbalizations were used to infer cognitive processing, using standard protocol
analysis techniques (see Ericsson & Simon, 1984). This analysis involves encoding responses
into theoretically determined coding categories, as a function of types (categories) of

strategies exhibited. These data were then used to derive a typology of strategies used in
relation to monitoring, planning, control, and workload reduction.
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Selective Notati

Notations of the critical protocol sections were encoded into productions. This selective
notation approach was combined with a listing of the status of key aircraft at S-minute
segments for each of the sessions. A sample of this selective notation is shown in Table 1.
Key aircraft were identified for each scenario, and then verbalizations for those aircraft were
selected for analysis. Selective notations for the key aircraft were recorded both during the
freeze periods and during the real-time problem solving. The notations during the freeze
period summarize that participant’s understanding of the status, and when the participant
indicated the first action he or she would take following the freeze, that verbalization is
prefaced with the label, "FIRST:"

TABLE 1. SAMPLE SELECTIVE NOTATION

Selective Notations From 5-Minute 'reeze

Using arrows on strips, a better visual representation of where they are going.

Both inbound to MLC. At this point A616 is number 1, and ARMY is number 2.
SAP and 77L, have to make a choice. Make SAP number 1 and put him under 77L.

128E departing and heading East. Stop him at lower altitude and stop SAP on altitude
above him and wait till they pass.

FIRST: Start A616 down. He is in my airspace and is number 1.
Selective Notaiions From 5-10-Minute Sequence
7:11 A49616: A616, start him down to 3,000.

7:57 N128E: 128E, give him 3,000, an MIO departure.

Continued . . .
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Selective Notations (Continued)

The selective notations made during the real-time problem solving are time-stamped based
on the times displayed on the video tapes. These notations are also prefaced with the key
aircraft being discussed in the verbalization. The selected verbalizations were recorded in
notation form capturing the concepts in the verbalization. These notations are not full or
precise transcripts of the controller’s verbalizations, but in all cases, they do accurately
record the stated intentions and relationships between one or more aircraft. These
notations were further decomposed into productions based on the work of John Anderson
(1981), and that process is further discussed in the next section. Participants, however, were
not able to verbalize all their decisions, especially at points of highest workload where they
were speaking with aircraft, sectors, or the tower. Therefore, this should be considered a
preliminary analysis, and participants would later have to provide more detailed protocols
for further analysis.

Productions

Productions were developed for all real-time selective notations for the structured problem
labeled SPS 2A. This included the expert, intermediate, and novice protocols. Problem SPS
2A was selected because it presented the lowest workload (65% complexity, requiring
prioritizing under normal traffic conditions), and consequently all three participant groups
were able to verbalize during the problem-solving process. When solving the more
demanding problems, the intermediates and novices had greater difficulty in verbalizing their
thought processes, and the resulting protocols could not be easily compared.

SPS 2A is based on a scenario of three aii<-2{. inbound to Tulsa. All three need to be
sequenced and are set up to arrive in Tulsa at about the same time. As the scenario
approaches the 15-minute mark, a new inbound appears, which is followed shortly by two
more inbounds. This new set of inbounds also needs to be sequenced into Tulsa. The
problem is somewhat artificial in that there are no other targets on the PVD, but it presents
a reduced workload, and consequently all three groups of participants were able to verbalize
their plans and actions.

Table 2 presents a sample production. Each production has a set of conditions which are
grouped under the leading IF statement: these are the existing conditions that have led the
controller to follow a particular strategy or take a specific action. The second part of the
production is the action to be taken which is grouped under the THEN statement.

Continued . ..
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TABLE 2. SAMPLE PRODUCTION

7:11 A49616: A616, start him down to 3,000.

PRODUCTION

If a high performance aircraft is inbound to VFR tower airport
AND he is within 10-15 miles of the airport
AND there is no immediate traffic

THEN descend him to lowest safe altitude
AND monitor to clear to approach
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RESULTS AND DISCUSSION

GENERAL LIMITATIONS OF THE DATA

Each data collection procedure used has general advantages and disadvantages as well as
those specific to the context of air traffic control which place limitations upon conclusions
that can be drawn from the data. Regardless of the specific procedure, however, the general
limitations of the study in terms of time available for data collection, analysis, and validation
as well as participant populations available require the discussion of several caveats.

Originally, we had planned to include both supervisor-FPL’s and "current" FPL's in the
"expert controller" group. Use of supervisor-FPL’s during the first week of data collection
was necessitated by availability of FPL’s provided by FAA. Subsequent data analysis,
however, indicated that supervisor-FPL’s differed markedly from nonsupervisor-FPL’s in
numerous respects, including their ability to remember critical incidents, the types of control
strategies used, performance on measures of cognitive style, and even general attitudes
about the air traffic control job. This situation limits the data analysi~ and interpretation
in several critical respects.

First, analysis of each subgroup separately decreases the total number of participants
available for analysis within an overall "expert" group; this in turn limits the conclusions that
can be drawn from some of the data because the number of participants in each group is
so small. Second, data from two of the procedures -- DYSIM Performance Modeling and
Critical Incidents Interviews -- were obtained only from the supervisor-FPL group. Because
this group of experts differs considerably from the other group of experts, the data collected
from these two procedures require extensive validation with a larger, representative
sampling of FPL’s.

Another limitation is the need to address team factors in the air traffic control job. In this
initial analysis, we wanted first to measure the performance of the individual controller
before moving on to investigate the interaction between the radar controller and D-side.
Because strategies may vary depending upon whether the controller is assisted by a D-side,
it is important to note that our analysis only characterizes cognitive models and strategies
for the radar controller performing without a D-side.

The most serious limitation was the time constraints imposed upon the data collection,
analysis, and interpretation. This report provides a comprehensive overview of the
important cognitive ccmponents of prioritization, but further data collection and analysis are
required to permit development of a more robust and more detailed model.

Continued . ..
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GENERAL LIMITATIONS OF THE DATA (Continued)

It is important that the results obtained be extended and validated not only with a panel of
representative FPL’s but also by correlating objective performance measures with
controllers’ use of the cognitive models and strategies outlined here. All results obtained
from all analyses were preliminarily validated through consultation with at least one Subject-
Matter Expert (SME), but because of variability among experts, and also in order to obtain
a truly reliable validation, more extensive validation is still required.

The cognitive task-decomposition analysis obtained from the DYSIM performance modeling
should be viewed as very preliminary. Clearly, there are other cognitive chunks of the air
traffic control task, and any decomposition of tasks may vary as a function of situational
factors yet to be explored, such as team factors. This decomposition also requires extensive
validation and further analysis to determine expert strategies and selection rules as related
to each subgoal within each task element. Similarly, the Mental Model requires validation
and refinement. Additional analysis is required to extend the model to include identification
of each type of perceptual information perceived and the areas of the Mental Model where
that information would be best evaluated.

In conclusion, the results, interpretations, and training recommendations presented herein
are to be viewed as exploratory and tentative. Recommendations should be viewed as
tentative at this point because they flow from an analysis that has not been fully validated
and that is derived from limited data. The results thus far, however, do suggest exciting and
innovative approaches to the training of en route air traffic controllers,

DYSIM PERFORMANCE MODELING
Cognitive Decomposition Of Tasks

Tasks were decomposed in a manner congruent with the cognitive (problem solving, decision
making, and perceptual) demands placed upon the controller. This differs from traditional,
behavioral task decomposition in several ways. The criteria for task segmentation differ
between the behavioral and cognitive approaches; the behavioral analysis divides tasks
according to observable actions, whereas our task decomposition divides tasks according to
the underlying goals and cognitive operations associated with them. Behavioral task analysis
segments a job into behaviorally distinct tasks -- tasks that can be isolated because of the
unique, discrete behaviors associated with them. Cognitive task analysis decomposes a job
into skill-based tasks that may not necessarily be behaviorally distinct.

Continued . ..
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Cognitive Decomposition Of Tasks (Continued)

Our approach to task decomposition emphasizes identification of tasks based upon the
cognitive skills required, and then divides the overall task into cognitively salient "chunks"
-- that is, a unit of activity that involves a group of cognitively related decisions, operations,
or activities, and that exists independently across a wide spectrum of situations or scenarios.
In the cognitive approach to task decomposition, tasks are identified and segmented
according to their cognitive underpinnings with the perceptual events triggering their
execution; thus, this task segmentation permits part-task training design around tasks
involving similar goals and cognitive skills.

A task is defined as a single unit of goal-directed behavior that will execute to completion
if uninterrupted. Thus, each task encapsulates a logically self-contained set of subgoals that
describe the steps taken to attain the overall task goal. A given task triggers attention based
on the current contents of the five panels within the Mental Model (see Figure 3 on page
31). For example, the nearly simultaneous appearance of three airplanes heading for
landing at a common airport sh: uld trigger reference to the Sector Management, Sector
Data, and Conditions panels of the Mental Model.

The ten primary tasks involving cognitive operations are listed and briefly described
immediately below.

1) Monitor Situation -- Obtain information about current situation and evaluate it to
determine events that must be dealt with.

2) Accept Handoff Or Pointout -- Assess and accept or decline a handoff or pointout from
a transferring controller.

3)  Sequence Aircraft For Arrival -- Take steps to sequence a group of aircraft for arrival.

4) Resolve Aircraft Conflict -- Determine potential conflictions and implement means to
avoid them.

S) Route Aircraft (per requests from pilot or other controllers) -- Respond to requests
for routing, etc.

6) Manage Departures -- Respond to departure clearance requests.

7) Refine Situation Understanding -- Obtain information to resolve inconsistencies
between perceived aircraft data and current situation understanding.

Continued . . .
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Cognitive Decomposition Of Tasks (Continued)
8) Issue Advisory -- Initiate information update to pilot or other controller.

9) Handoff/Pointout Aircraft -- Initiate and complete handoff (or pointout) of aircraft to
receiving controller.

10) Maintain PVD Readability -- Maintain clarity and accuracy of current situation as
captured on the PVD screen in terms of data blocks displayed.

Some of these tasks will be suspended pending information or the controller will switch
attention to other tasks and then later return to those tasks. This aspect of a full Mental
Model (i.e., attention switching between tasks) is not captured in the ollowing task models,
and would be included with additional analysis.

Each of the 10 high-level tasks listed above describes a single goal. Each task is composed
of subgoals that capture the steps needed to attain this goal. Also, a task becomes active
because it is triggered by the appeara:ice of certain patterns of information. The subgoals
and triggers are listed below for eack of the 10 tasks (goals):

1) MONITOR SITUATION

Trigger: Absence of high priority task OR awareness of x time period elapsed since
last screen scan OR limited data block* OR close to sector boundary*

Sibgoals:

- Observe aircraft data
- Project aircraft routes
- Compare with current sector situation understanding

2) ACCEPY HANDOFF OR POINTOUT

Trigger: Aircraft flashing on PVD AND NOT in middle of critical task OR pointout
from other traffic controller OR call on override*

Subgoals:

Evaluate request

Accept or deny pointout IF pointout
Accept or delay handoff IF handoff
Establish radio contact IF handoff accepted

Continued . ..
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Cognitive Decomposition Of Tasks (Continued)
3) SEQUENCE AIRCRAFT FOR ARRIVAL

Trigger: Two or more aircraft convérging on one airport for landing within x span of
time AND NOT all spaced and sequenced for arrival OR different aircraft types®

Subgoals:

- Evaluate aircraft routes and timing

- Determine sequence for landing

- Develop backup plans*

- Derive/revise plan for sequencing/slowing/descending aircraft
- Implement plan for sequencing/slowing/descending aircraft

- Handoff to terminal®

- Monitor plan execution

4) RESOLVE AIRCRAFT CONFLICT

Trigger: Two or more aircraft at same altitude OR converging on same
lat/iong/altitude

Subgoals:

- Evaluate routes, goals, and characteristics of aircraft
- Determine plan

- Issue clearances

- Call and coordinate*

5) ROUTE AIRCRAFT

Trigger: Clearance request from pilot or adjacent controller OR weaiher in flight path
OR prohibited area in flight path OR flow control directive*

Subgoals:

Evaluate route

Issue or deny clearance

Call and coordinate*®

Update flight plan and flight strip IF clearance issued

Continued . ..
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Cognitive Decomposition Of Tasks (Continued)
6) MANAGE DEPARTURES

Trigger: Departure clearance request frorma tower flight controller OR departures
expected within x time span AND adverse couditions within airport locale OR flow
control directive*

Subgoals:

- Assess potential confliction with current and projected sector traffic

- Issue clearance IF NO confliction

- Postpone departure IF confliction

- Restrict future departures IF adverse conditions (weather, workload, level of
traffic)

7) REFINE SITUATION UNDERSTANDING

Trigger: Possible discrepancy between displayed versus real altitude, heading, speed,
PVD information, and issued altitude, heading, speed

Subgoals:
- Query pilot about data item
- Update PVD or flight strip IF data incorrect or incomplete
- Monitor PVD*
8) ISSUE ADVISORY

Trigger: Other aircrafi traffic within x range of another aircraft OR weather system
at y location OR birdilight*

Subgoals:

- Alert pilot of situation
- Update PVD or flight strip®

Continued . . .
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Cognitive Decomposition Of Tasks (Continued)
9) HANDOFF/POINTOUT AIRCRAFT

Trigger: Aircraft nearing edge of sector (distance or time from boundary -- distance
can be greater when no traffic in route)

Subgoals:

- Issue pointout IF aircraft will go through small amount of third sector AND no
other aircraft are or will be in that portion of third sector

- Initiate handoff to receiving controller

- Coordinate with receiving controller IF coordination necessary

- Confirm handoff acceptance from receiving controller if primary handoff

- Confirm handoff visually if non-primary handoff*

- Issue new radio frequency to pilot WHEN receiving sector accepts handoff

- Drop data block WHEN outside your airspace

10) MAINTAIN PVD READABILITY

Trigger: Two overlapping dara blocks OR when project flight paths, there will be
overlapping data blocks in the near future

Subgoals:

- Anticipate OR see overlapping data blocks
- Move data blocks UNTIL data blocks clear

*NOTE: The above task decomposition was verified with only one SME, with her
suggested additions denoted by an asterisk. Because cognitive task decomposition
is based upon a modeling procedure aimed at identifying cognitively-valid
knowledge "chunks" across a range of experts, these suggested additions should
be viewed even more tentatively, as they were elicited through an interview
procedure with only one controller.
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Mental Model Of Knowledge Categories For En Route ATC

This model depicts the categories of knowledge required to support performance of the
various tasks described previously, and could be used as a framework for structuring
training. It serves as a framework for classifying aircraft and situation data into patterns of
events. The Mental Model can be characterized as a generic expert-typical knowledge
representation of the knowledge required to support performance of the 10 decomposed
tasks. It serves as an organizer or "categorizer” of information: a "mental checklist" of what
factors the controller should consider, the relative importance of each set of factors (panels),
and the interrelationship between knowledge categories or panels. Figure 3 presents the
Mental Model for en route control.

The structure of the Mental Model implies a conceptual framework used by the controller
for organizing domain knowledge and implies a strategy for applying the knowledge in job
conduct. The information on the Mental Model is partitioned into panels containing
conceptually diffezent categories of information. Panels represent both Control (Sector
Management, Procedures) and Display (Sector Data, Conditions, Sector Airspace) functions.
Each panel contains several levels. The lower levels on each panel are the more basic data.
The higher levels are more cognitively "processed” or "derived" types of information. The
levels are organized hierarchically, with the information at each level representing partial
solutions to the problem.

The Mental Model contains five panels, as shown in Figure 3. They are as follows:

1) Sector Maragement -- contains an understanding of the events that are occurring or
are anticipated to occur in the sector. The elements of this panel are events involving
one or more aircraft.

2) Sector Data -- contains basic data about the aircraft in the sector. Information on this
panel is used in reasoning about the current situation and in categorizing aircraft into
events on the Sector Management panel.

3) Conditions -- contains subjective factors that determine the controller’s general level
of stress and workload.

4) Sector Airspace -- contains knowledge about the spatial layout of the sector and its
characteristics.

S) Procedures -- contains knowledge about the general procedures for separating aircraft
and for handling different kinds of situations.

Continued . ..
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FIGURE 3. MENTAL MODEL FOR EN ROUTE CONTROL
(suggested additions denoted by an asterisk)
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Mental Model Of Knowledge Categories For En Route ACT (Continued)

The top three panels contain information relating to the situation in a specific sector at a
particular time, while the bottom two panels (Sector Airspace, and Procedures) contain
background knowledge. The bottom two panels, containing background knowledge, are
relatively stable, and the situation-specific panels are relatively dynamic. The Sector
Management panel is the primary panel used for prioritization of decision making, because
it represents the understanding of the events that must be dealt with. However, determining
how to deal with each event involves reference to the data on the Sector Data panel and
the Conditions panel, and other events on the Sector Management panel, as well as
knowledge of standard procedures from the Procedures panel. The events are also
interpreted with reference to the static spatial representation of the sector airspace
(embodied on the Secior Airspace panel).

The remainder of this section discusses the individual panels of the Mental Model and their
constituent levels in niore detail.

Sector Management Panel

The Sector Management panel is divided into seven hierarchical levels, according to the
general flow through the sector airspace, as follows:

1) Approaching Aircraft -- includes aircraft that are entering the sector and require
accepting handoff from adjacent sector or approach control.

2) Aircraft Under Your Control -- includes aircraft that are now under sector control but
have not yet been classified into any other events.

3) Conflictions -- includes events that if not dealt with will result in conflictions
(separation violations, etc.).

4) Ongoing Events -- includes events that must be dealt with over a period of time, such
as sequencing aircraft for arrival.

5)  Future Events -- includes events that must be dealt with at some future time (e.g, an
aircraft that has been vectored around weather and must be vectored back on course
when past the weather, or an aircraft that has been kept at a lower altitude than
desired to avoid traffic above and can be cleared higher after the traffic has passed).

6) Background Aircraft -- includes aircraft that are clear over the expected route through
the sector, and will only require handoff.

Continued . ..
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Mental Model Of Knowledge Categories For En Route ATC (Continued)

Sector Management Panel (Continued)

7) Handoff Accomplished -- includes aircraft that have been handed off but are still
within radar contact and shown on the PVD.

The data elements on this panel are events with various modifying parameters, represented
as:

Event [aircraft involved], [criticality of event], [time window]

where "criticality of event,” which contributes to task prioritization, is a rating of the
consequences of not dealing with it, as follows:

1) Separation violation
2) Procedural deviation (e.g., not following LOA for handoff)
3) Efficiency for controller workload

4) Efficiency for pilot and aircraft route of flight' (e.g., delays, flight plan deviation
requests)

The above criticality ranking is congruent with the goals priorities obtained from the Paired

Problem Solving analysis. "Time window" refers to the time within which the event must be
dealt with to avoid the consequences.

Sector Data Panel
This panel of the model contains the following levels:

1) PVD Data -- information about each aircraft, location of aircraft, some weather
systems, limited route, approach, and departure location.

2)  Flight Strip Data -- information about filed flight plan for each aircraft.
3) Aircraft Cl.aracteristics -- knowledge of aircraft performance parameters.
4) Weather -- any noteworthy weather information such as wind speed, temperature, zones

of turbulence and/or precipitation, barometric pressure.

Continued . . .
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Mental Model Of Knowledge Categories For En Route ATC (Continued)

Sector Data Panel (Continued)

5) Special Short-Term Conditions -- unusual, temporary local conditions; for example, a
closed runway at an airport due to weather conditions.

6) Requests -- requests from pilots or other sector controllers f. . :arance, pointouts,
handoffs, etc.

7) Route Structure -- individual aircraft assembled according to arrival to or departure
from airports within the sector, overflights over the sector.

8) Altitude Partitions -- designates aircraft flying at a given stratum of altitude.

In general, the knowledge contained on this panel refers to dynamic factors occurring within
the sector airspace, including the location and movement patterns of the individual aircraft,
weather, and short-term special conditions.

The bottom two levels of this panel contain information about the aircraft that can be
reviewed from the PVD screen or the hard-copy flight strips. Thus, controllers can access
these data from some physical location without needing to remember or compute it. The
remaining levels on this panel refer to information that is not necessarily available for
reference in "hard" copy. Thus, this information must be remembered by the controller. The
top two levels (Altitude Partitions and Route Types) are derived from the lower-level
categories and seem to be a basic information management technique used by controllers;
i.e., categorization of flights into route type (overflights, arrivals, and departures) and then
according to altitude partitions (high overflights, low overflights, etc.).

The Request level of this panei is a critical level on the model. At this level many new
requests function as triggers to activate tasks. Thus, entries made at this level will shift

attention from one task to another when the resulting pattern constitutes a triggering
condition with a higher priority than the current task (due to the new posted request).

Conditions Panel
The Conditions panel contains the following eight levels:
1) Team Factors -- includes factors unique to teamwork.

2) Affective Factors -- includes factors such as the individual controller’s self-perception,
and relations and interactions with coworkers and pilots.

Continued . . .
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Mental Model Of Knowledge Categories For En Route ATC (Continued)

Conditions Panel (Continued)

3) Upper Winds -- a subjective assessment of the effects of upper winds.
4) Weather Factors -- a subjective assessment of the current weather conditions.

5) Radio Frequencies -- a characterization of the audibility and fidelity of the radio
frequencies. :

6) Screen Readability -- a characterization of the level of screen clutter.

7) ‘Traffic Level -- a characterization of the current overall level of traffic; e.g., sparse,
moderate, or heavy traffic.

8) Overall Condition -- a summation of the overall workload as a function of conditions
posted on the other seven levels of this panel.

The Conditions panel provides a mechanism for determining when the usual strategies
should be modified. In general, this panel reflects stress factors that influence controller
workload. Team and affective factors are part of the Mental Model because they can
influence stress and workload by influencing the decisions a controller makes about asking
supervisors and other sector controllers for help or favors, perceiving a situation as out of
control, etc. The remaining levels of this panel post general characterizations of weather,
radio control, PVD screen appearance, and traffic level made by individual controllers about
the current situation. Because these characterizations are subjective assessments, they
capture individual differences.

Airsp

The Sector Airspace panel cap'ures knowledge about the three-dimensional space of a
particular sector in terms of manmade and ATC constructs and natural features. The levels
of knowledge within this panel are

*1) Approach Control Areas
*2) Altitude Strata

3) Sector Boundaries

4) Geography

Continued . . .
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Mental Model Of Knowledge Categories For En Route ATC (Continued)

Sector Airspace Panel (Continued)

5) Topography

6) Restricted Areas

7) En Route Structure

8) Published Arrivals, Departures, Approaches

ATC constructs include the sector boundaries, altitude strata, approach control areas,
published arrivals, departures, and approaches, en route structures, and restricted areas.
These elements represent the principal locations for movement of aircraft in a manner
similar to a highway on the ground. Thus, they are a primary component of the controller’s
internal model of the physical characteristics of the sector airspace.

Natural features include the geography of the region and topographic features such as
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