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Preface

This report is the work of the Panel on Human Factors in Air Traffic Control
Automation, which was established in fall 1994 at the request of the Federal
Aviation Administration (FAA). The panel was appointed to conduct a two-
phase study of the human factors aspects of the nation’s air traffic control system,
of the national airspace system of which it is a part, and of proposed future
automation issues in terms of the human’s role in the system. The impetus for the
study grew out of a concern by members of the Subcommittee on Aviation of the
Public Works and Transportation Committee of the U.S. House of Representa-
tives that efforts to modernize and further automate the air traffic control system
should not compromise safety and efficiency by marginalizing the human con-
troller’s ability to effectively monitor the process, intervene as spot failures in the
software or environmental disturbances require, or assume manual control if the
automation becomes untrustworthy. Panel members represent expertise in hu-
man factors, decision making, cognitive psychology, organization structure and
culture, training and simulation, system design, controller operations, and pilot
operations. The primary focus of the study is the relationship between the human
and the tools provided to assist in accomplishment of system tasks.

The panel’s charge calls for two phases. The first phase focuses on the
current air traffic control system and its development and operation within the
national airspace system from a human factors perspective. The specific pur-
poses are to understand the complexities of the current system that automation is
intended to address, characterize the manner in which some levels of automation
have already been implemented, and provide a baseline of human factors knowl-
edge as it relates to the functions of the air traffic controller in the system and the

ix
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organizational context within which these functions are performed. The second
phase is to assess future automation alternatives and the role of the human opera-
tor in ensuring safety and efficiency in the air traffic control system. A critical
aspect of this second phase is to examine the interaction between the automation
and the controller on the ground and the automation and the pilot in the cockpit.
Specifically, we plan to project future tasks and examine the consequences of
automation on them, assess possible changes in the pattern of controller work and
the potential effects on performance, and evaluate procedures needed for the
smooth evolution of the national airspace system.

This report provides the results of the panel’s deliberations during the first
phase. The first part of the report presents a baseline description of the air traffic
control system, the selection, training, and assessment of controllers, and the
operations associated with keeping the systems and equipment functioning. The
second part of the report discusses current knowledge about human factors as it
relates to the air traffic controller. We begin this part with human factors prin-
ciples and findings concerning the cognitive and workload characteristics of the
job of the controller, working both as an individual and as part of a team. Then
we examine system management, human factors considerations in Airway Facili-
ties, and the integration of human factors research and development into the
organization. Finally, the discussion of automation issues serves as a bridge to
our work in the second phase. The panel’s recommendations concerning human
factors considerations appear in the executive summary.

We hope the readers of this report will encompass a broad audience, includ-
ing those interested in the air traffic control system and its operation and policy as
well as those interested in general issues of aviation psychology research and air
safety. We direct the attention of our policy readers to the executive summary
with our conclusions and recommendations, the chapters on system management
and automation, and the final sections of each chapter that contain a brief discus-
sion of the major points covered. Our readers from the research community are
directed to the chapter details in Part II.

Many individuals have made contributions to the panel’s thinking and to
various sections of this report by serving as presenters, advisers, and liaisons to
useful sources of information. A complete list of contributors and their affilia-
tions is presented in Appendix B. Although all of these individuals provided us
with valuable information, a few played a more direct role in the coordination of
information used in the preparation of this volume, and they deserve special
mention. We extend our gratitude to several individuals in the FAA and NASA:
to Mark Hofmann for frequent and detailed updates on human factors issues and
activities within the FAA and for consistent support of the panel’s activities; to
David Cherry for consistently helpful and timely responses to numerous requests
from the panel for documentation and for arranging visits to FAA facilities and
discussions with FAA subject-matter experts; to Carol Manning for similarly
responsive requests for information and for coordinating presentations to the
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panel by staff at the Civil Aeromedical Institute and the Mike Monroney training
facility; and to Kevin Corker for coordinating presentations to the panel by staff
at NASA Ames. We are especially grateful to Neil Planzer, director of Air
Traffic Plans and Requirements for the FAA, for informative perspectives on air
traffic control historical developments, challenges, and future plans and con-
cepts.

Although this report is the collective product of the entire panel, each mem-
ber took an active role in drafting sections of chapters, leading discussions, and/
or reading and commenting on successive drafts. In particular, Raja Parasuraman
assumed major responsibility for the chapters on automation and on workload
and vigilance, Robert Helmreich for the chapter on teamwork and communica-
tion, and Paul Stager for the chapter on human factors research methodology.
Charles Aalfs, Joseph Pitts, and Richard Stone provided materials reflecting op-
erational expertise that were especially critical for the development of the chap-
ters that describe the air traffic control system and the tasks of air traffic control-
lers. Tora Bikson contributed sections for the chapters on system management
and system development, Marvin Cohen for the chapter on cognitive task analy-
sis, and David Hopkin and Thomas Sheridan for the chapter on automation. Todd
LaPorte provided critical conceptual and detailed considerations with respect to
the issues of system reliability and organizational context, James Danaher with
respect to system safety and efficiency, Earl Wiener with respect to automation
and to the management of human factors activities, Diane Damos with respect to
the selection of air traffic controllers, and Laurence Young with respect to his-
torical developments in related domains.

Staff at the National Research Council made important contributions to our
work in many ways. We would like to express our appreciation to Alexandra
Wigdor, director of the Division on Education, Labor, and Human Performance,
for her valuable insight, guidance, and support; to Theresa Noonan and Susan
McCutchen, the panel’s administrative assistants, who were indispensable in
organizing meetings, arranging travel, compiling agenda materials, and manag-
ing the exchange of documentation across the panel. We are also indebted to
Christine McShane, who edited and significantly improved the report, and to
Gary Baldwin, who generously shared his wealth of knowledge and experience
with respect to FAA organization, policies, procedures, and information sources.

Christopher D. Wickens, Chair

Anne S. Mavor, Study Director

James P. McGee, Senior Research Associate

Panel on Human Factors in Air Traffic
Control Automation
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Executive Summary

’I:w nation’s air traffic control system,
which is part of the national airspace system, is responsible for managing a
complex mixture of air traffic from commercial, general, corporate, and military
aviation. Despite the strong safety record achieved over the last several decades,
the system does suffer occasional serious disruption, often the result of outdated
and failed equipment. When equipment failures occur, system safety relies on
the skills of controllers and pilots. Under these circumstances, safety is main-
tained by reducing the number of aircraft in the air. Pressures to provide the
capacity to handle a greater number of flights in the future and to maintain high
levels of safety and efficiency have led to proposals to provide more reliable and
powerful equipment and at the same time increase the level of automation in air
traffic control facilities—that is, to use advances in technology to take over tasks
that are currently performed by humans. Such proposals have raised concern
from members of the Subcommittee on Aviation of the Public Works and Trans-
portation Committee of the U.S. House of Representatives that automation not
compromise the safety or efficiency of the system by marginalizing the human
controller’s ability to provide the necessary backup when disruptions occur.

As a result, the Panel on Human Factors in Air Traffic Control Automation
was convened at the request of the Federal Aviation Administration (FAA) for
the purposes of gaining an understanding of, and providing recommendations on,
the human factors characteristics of the current air traffic control system, the
national airspace system, and future automation alternatives in terms of the
human’s role in the system. The panel’s charge divides the tasks into two phases.
The first focuses on the current system and its development as a means to:
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(1) understand the complexities of and problems with the current air traffic con-
trol system that automation is intended to address; (2) describe the manner in
which some levels of automation have already been implemented; and (3) pro-
vide a baseline of human factors knowledge as it relates to the functions of the air
traffic controller in the system. The second phase is to assess future automation
alternatives and the role of the human operator in ensuring safety and efficiency
in the air traffic control system.
This report provides the results of the panel’s work during the first phase.

SYSTEM RELIABILITY

The goal of the air traffic control system is to satisfy and balance the two
critical goals of safety and efficiency. Human participants in the system must
make continuous adjustments in flight scheduling and flight paths to maximize
efficiency without compromising safety. The many redundant components in the
system, and the smooth communications between its operators (both on the
ground, and between ground and air) have generally allowed it to recover grace-
fully from failures, without accident. Because perfect system reliability can
never be assumed, it is important that planners not change the system in ways that
will destroy these critical failure-recovery aspects.

Conclusions Despite the complexity of the national airspace system and of
its many semiautonomous air traffic control facilities, the system has operated
with a remarkably good safety record. However, the skills of air traffic control-
lers are being increasingly relied on to compensate for the limited capacity and
declining reliability of aging equipment. Although new procedures and technolo-
gies that represent increases in automation are being considered as means of
meeting projected increases in air traffic, human controllers are expected to main-
tain responsibility for the safe and efficient flow of air traffic for the forseeable
future. No matter how well the system is engineered and tested, some level of
system unreliability (or some degree of system failure) is inevitable. And some
level of human error is also inevitable, so long as human operators remain in the
system. Such errors are not likely to be damaging to system performance if they
can be caught and corrected by error-tolerant systems.

Recommendation The panel recommends that the FAA expand current ef-
forts to reduce errors by employing good human factors in design and by adopt-
ing a fault-resistant and fault-tolerant philosophy of system design. Such a phi-
losophy would render the system less susceptible to catastrophic failures in the
case of errors by the human operator (controller, pilot, maintenance specialist) or
failures of equipment.

MODELS FOR ASSESSING SAFETY AND EFFICIENCY

The FAA is considering increased application of automation to air traffic
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control as a means of achieving minimum accidents and maximum efficiency of
air travel. However, these goals can potentially be in conflict; the FAA has
expressed its resolve that, under such circumstances, safety will remain the num-
ber one priority.

Conclusions Unclear definitions of efficiency factors, efficiency measures,
and acceptable levels of efficiency, as well as lack of knowledge about the effects
of proposed improvements on the cognitive tasks of controllers, inhibit predictive
assessment of whether and to what extent proposed improvements to equipment
and to procedures—including automated features—will actually contribute to
safety or to efficiency.

Recommendations The panel recommends that the FAA specify acceptabil-
ity criteria for safety and efficiency and foster the development and application of
models of the controller and the national airspace system that: (a) clearly identify
indicators and measures and make use of the levels of acceptability for safety and
for efficiency set by FAA management; (b) assess the interaction of safety and
efficiency factors; (c) take into account the cognitive tasks of controllers in
balancing the pressures of both safety and efficiency in tactical and strategic
decisions and behavior; and (d) take into account the variables associated with
different air traffic control options, regions, and facilities. The developed models
should be applied to the evaluation of proposed changes in equipment, software,
and procedures.

SELECTION AND TRAINING OF CONTROLLERS

Controllers are trained for their duties by a combination of formal classroom
instruction and on-the-job training. The selection and screening criteria have
varied over the years, with current emphasis on a “train for success” philosophy,
designed to reduce training program attrition. As a consequence, the major
component of both training and selection takes place within the facilities where
developmental controllers (i.e., trainees) receive on-the-job training from full-
performance-level controllers, who serve as instructors. Much of this training is
received while developmental controllers handle live traffic, closely supervised
and evaluated by other controllers.

Job-Related Criteria

Conclusions The FAA has recognized that, in order to select new controllers
effectively, the agency must validate its selection procedures against on-the-job
performance. Detailed job performance criteria are necessary to enable effective
selection, training, and performance assessment of controllers. The FAA has
commenced an assessment program with the goal of establishing clear definitions
of the tasks and criteria that characterize effective performance.

Recommendations The panel recommends that efforts be continued to de-
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velop job-related performance criteria as prerequisites for both personnel selec-
tion and evaluation of training procedures. We further encourage the FAA to
reexamine controller job tasks and performance criteria when new air traffic
control technology, including automation, is introduced; and to coordinate the
development of performance criteria with the development of a comprehensive
selection battery for controllers, as well as with continued study of the relation-
ship between performance and the personality and demographic characteristics of
controllers.

Controller Training

Conclusion Due to reductions in staffing, full-performance-level controllers
may not have sufficient time to leave their assigned facilities to receive refresher
training or training in use of new or upgraded software or equipment introduced
into the current air traffic control system.

Recommendations The panel recommends the accelerated development and
the use of computer-based training simulations that incorporate both performance
assessment and the particular characteristics of a facility’s airspace. These simu-
lations should include a capability to provide augmented feedback for training.
SATORI (situation assessment through re-creation of incidents) is a good ex-
ample of such a capability; it provides a graphic display of data along with
synchronized voice that can be used to review performance on a simulation
exercise.

COGNITIVE TASK ANALYSIS

Controllers in all types of air traffic control facilities develop strategic plans
for traffic flow, monitor these plans with visual inputs to update their “big pic-
ture” of the traffic flow, and communicate heavily with pilots and other control-
lers to ensure continued safety and efficiency. Controllers in the towers depend
heavily on direct visual sightings of traffic at the airport, while those in the
TRACON (terminal radar approach control around airports) and in the en route
environments are supported by computer-based, partially automated radar dis-
plays. All controllers must be prepared to deal with unanticipated events—for
example, equipment failure, weather emergency, or pilot noncompliance with
instructions—in a flexible manner that preserves safety even if it temporarily
disrupts efficiency.

Conclusions The technique of cognitive task analysis has revealed several
strengths of the skilled air traffic controller, along with a number of vulnerabili-
ties inherent in human information processing. The strengths include the ability
to bring experiences stored in long-term memory to bear in solving novel unex-
pected problems. Weaknesses include vulnerability in detecting subtle and infre-
quent events, in predicting events occurring in a three-dimensional space, and in
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temporarily storing and sometimes communicating information. Considerable
human factors knowledge exists as to how these vulnerabilities can be addressed
by design and training.

Recommendations The panel recommends that changes to air traffic control
systems should include not only efforts to retain and capitalize on the controller’s
cognitive strengths, but also efforts to compensate for weaknesses. Such com-
pensation includes making subtle and infrequent events more prominent, provid-
ing explicit (and reliable) predictive displays whenever possible, providing re-
dundant communications and visual backup for working memory when errors
can be critical, providing visible feedback for state changes, and using display
techniques to improve individual and shared situation awareness, both among
controllers and between controllers and pilots.

WORKLOAD AND VIGILANCE

Workload is one of the most critical characteristics of the controller’s task. It
is driven by objective characteristics of the air traffic control system (e.g., num-
ber of aircraft, complexity of sector routes, quality of displays) and is experi-
enced by the controller (e.g., measurable by behavioral or physiological indices).
Skilled controllers adapt their performance strategies in handling aircraft as
workload increases, in order to prevent excessive workload or loss of safety.

Conclusions Increases in air traffic density and complexity have led to
substantial demands on the mental workload of controllers. Very high workload
can lower performance and set an upper limit on traffic-handling capacity. Very
low workload may result in boredom and reduced alertness, with consequent
implications for handling emergencies. Factors influencing controller mental
workload include airspace variables, display factors, work team dynamics, and
controller-pilot communications. Most controllers use various adaptive strate-
gies to manage their performance and subjective perceptions of task involvement.
When evidence relating air traffic control operational errors to performance and
workload has been found, the errors have been linked to both low and high task
load conditions. Such conditions increase demands on controller monitoring and
vigilance, and they could increase in the future as the system becomes more
automated. Current work-rest schedules have not been documented to have a
negative impact on controller performance, although subjective complaints of
fatigue occur. However, shift work and the consequent disruption of circadian
rhythms and sleep loss continue to be a major source of concern.

Recommendations The panel recommends that workload assessment span
the entire range of air traffic control workload, from low to high (underload to
overload). Current performance measures are not adequate to provide indices of
performance potential—and hence safety. These must be accompanied by mea-
sures of controller workload. We therefore recommend developing predictive air
traffic control workload models similar to those used for flight control and man-
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agement tasks, initiating additional studies to rectify the relative paucity of stud-
ies of underload and boredom in air traffic control, and encouraging the schedul-
ing of controller shift and work-rest cycles that will be consistent with the state of
the art in research on fatigue, circadian rhythms, and sleep loss. We also recom-
mend that the FAA discourage current shift-work patterns (e.g., phase-advanced
shifts and compressed work weeks), which may be associated with degraded
performance.

TEAMWORK AND COMMUNICATION

The individual controller is part of an interlocking set of teams. Communi-
cation is vital to these team functions. Much communication can be analyzed
from an information processing perspective, and much of it depends on both
sender and receiver sharing the same mental model or awareness of the situation.
But several critical aspects of team communication relate more to the discipline
of social and personality psychology. Over the last 20 years, these have been
revealed through the study of cockpit resource management on the flight deck.
Breakdowns in flight deck crew resource management that resulted in accidents
have spawned a series of training programs for pilots that have been successfully
implemented in many airlines. These programs have a record of improved safety
and improved attitudes toward teamwork. A corresponding program, called air
traffic teamwork enhancement (ATTE), has been developed for air traffic con-
trollers.

Conclusions Teamwork, reflected in communication among controllers and
their supervisors and between controllers and flight crews, is a critical component
of air traffic control. Cockpit resource management (CRM) team training has
proved effective in improving team coordination, communications, and task man-
agement for aircraft flight crews. Similar training for air traffic controllers, their
supervisors, and their trainers has the potential to provide similar enhancement of
teamwork. The air traffic teamwork enhancement program, a team training pro-
gram developed for controllers based on CRM principles, contains positive fea-
tures, but it does not provide the necessary recurrent training or hands-on practice
and reinforcement of team skills. In general, there is a severe lack of research
pertaining to teamwork aspects of air traffic control, including teamwork aspects
of selection, training, performance appraisal, communication, cognitive behav-
ior, shared situation awareness, workload, and system design.

Recommendations The panel recommends that the FAA initiate a systematic
effort to reinforce the value of teamwork within its organizational culture. Ways
to do this are to define team coordination as part of task descriptions, to include
evaluation of team skills as part of performance assessment, and to consider team
factors during investigation of operational errors. We further recommend that an
improved program of team training for controllers, their supervisors, and on-the-
job training instructors should be a centrally funded program required at all air
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traffic facilities. The program should include training in controller-to-supervisor
interface issues and team-related automation issues. The training should be
refined on the basis of empirical data derived from analysis of team issues in
operational errors, surveys of controllers’ attitudes regarding team issues, behav-
ioral measures of team performance based on simulation, and evaluations of the
program by participants. Team training should provide for recurrent training,
hands-on practice, and reinforcement of team skills. We further recommend that
the FAA initiate efforts to fill gaps in knowledge of teamwork aspects of air
traffic control, including research on teamwork aspects of selection, training,
performance appraisal, communication, cognitive behavior and performance,
workload, and system design.

SYSTEMS MANAGEMENT

Broader than simply teams, the air traffic control system incorporates a much
larger organizational context within which the controller works, a context that is
characterized by procedures, regulations, a labor-management structure, and per-
formance-based rewards and penalties. All of these factors contribute, in a com-
plex but poorly understood way, to the performance of the controller both as an
individual and as a team member. In addition to the organizational structure,
which can be documented by formal written procedures, different facilities are
also characterized by a less formal, but equally potent organizational culture,
defined by attitudes, ways of doing things, and informal delegations of responsi-
bility that may be quite different from formal responsibilities. These differences
in culture may have dramatic influences on the ways in which new technologies
are received within a facility and the ways in which emergencies are handled.

Effects of Organizational Context

Conclusions Both formal and informal (cultural) organizational context
factors contribute to safety and efficiency and are implicated in the successful
introduction of new technologies. From this perspective, key aspects of the
FAA’s formal organizational context include: policies governing safety and
efficiency; allocation of authority and responsibility; procedures for selecting,
training, managing, and evaluating the workforce; legal liability; labor-manage-
ment relations; and processes for procuring and implementing new technologies
and for introducing changes. The informal cultural context includes such impor-
tant safety- and efficiency-related factors as: informal rules and norms, subcul-
ture differences, job satisfaction, and attitudes toward change. Organizational
culture affects and is affected by organizational structure.

There is a lack of research data that would permit identification of the spe-
cific mechanisms by which formal and informal organizational contexts within
the FAA interact and how they affect organizational climate and controller per-

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/5493

Flight to the Future: Human Factors in Air Traffic Control

8 FLIGHT TO THE FUTURE

formance. Studies to date have shown, however, that during high-tempo condi-
tions (represented by such events as responding to very high traffic loads, large-
scale outages, and weather contingencies) informal teaming arrangements, lead-
ership roles, and procedures are often invoked; these informal responses may
help to account for the remarkable safety record demonstrated to date during such
conditions.

Recommendations The panel recommends that the FAA initiate a systematic
and comprehensive research program to study the effects of introducing new air
traffic control technology, including automation, on the accomplishment of safety
and efficiency goals. This program should include attention to the ways in which
both formal and cultural organizational context factors contribute to or detract
from the effective introduction of the new technology and, conversely, the ways
in which the FAA’s organizational context may be modified as a consequence of
the new technology. The FAA should conduct further research to clarify, within
the context of air traffic control, the ways in which formal and informal organiza-
tional context factors affect one another and the ways in which they both affect
the performance of controllers. Specific study should be undertaken of informal
teaming and procedures during high-tempo operations with the goal of eliciting
recommendations for ways in which formal procedures and organizational struc-
tures may be improved.

Job Satisfaction of Air Traffic Employees

Conclusions The results of the FAA’s biennial employee attitude survey
(EAS) provide information about organizational culture and climate, including
employees’ perception of the extent to which the formal structure and practices
meet their needs. The results of the most recent survey (1995) indicate that air
traffic employees generally consider their jobs to be satisfying, but they are
generally dissatisfied or only moderately satisfied with management practices
and with the organizational context within which they perform their jobs. Results
also indicate that a significant proportion of FAA employees are reluctant to
express dissatisfaction or disagreement to their management; communication
difficulties may therefore be influencing other indicators of job satisfaction.

Recommendations The panel recommends that the FAA utilize its employee
attitude survey as a useful source of supporting information for studies of how
formal and informal FAA organizational contexts affect one another and how
they can affect controller performance. The surveys could be used to support
detailed study of discrepancies between managers’ and controllers’ perceptions
of organizational context factors; ways in which controller-management commu-
nications could be improved; ways in which different air traffic control options
and geographic locations may form different subcultures with different percep-
tions; and ways in which the introduction of new technology, including automa-
tion, is perceived by controllers.
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Managing Human Factors Activities

Conclusions Human factors activities within the FAA, including both re-
search and practice activities, are extensive but fragmented. Research activities
are not adequately coordinated across research centers, research is not always
systematically performed to support system design needs, and research findings
are not systematically applied. System design activities are sometimes uncoordi-
nated and rely heavily on subcontractor efforts that are not managed by FAA
human factors professionals.

Recommendations The panel recommends that the FAA focus the overall
management of human factors research and development activities for the agency
and provide the necessary authority, responsibility, and resources to ensure that
such activities are systematically conducted and applied; that they are adequately
coordinated across research centers (including government research organiza-
tions such as the National Aeronautics and Space Administration, the Department
of Defense, and the MITRE Corporation); and that human factors contractor
efforts are effectively overseen by FAA human factors professionals. We under-
stand that the issue of human factors management within the agency is currently
being addressed by a subcommittee of the FAA’s Research, Engineering, and
Development Advisory Council.

HUMAN FACTORS PERTAINING TO AIRWAY FACILITIES

Airway Facilities specialists are critical partners of air traffic controllers with
respect to supervisory control and restoration of the air traffic control system.
They are responsible for such critical tasks as system monitoring, diagnostics,
certification, maintenance, and restoration of equipment, systems, and services
after outages.

Conclusions To date the introduction of new equipment has involved far
more automation of Airway Facilities functions than of air traffic control func-
tions. By comparison with the human factors efforts that have been devoted to air
traffic controllers, attention to human factors characteristics of Airway Facilities
operations, personnel, software, and equipment has been meager. Airway Facili-
ties personnel are currently faced with a bewildering array of equipment and
workstation devices that are provided by different vendors, apply different levels
of automation, and present different computer-human interaction procedures and
characteristics.

The trend toward centralized maintenance control centers has not alleviated
this concatenation of equipment and workstation devices, which does not reflect
the effective application of human factors analysis, design support, or evaluation.
The decreasing reliability of national airspace system equipment, an associated
requirement to develop creative workarounds, the lack of workstations designed
using human factors principles, and a progression of large numbers of Airway
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Facilities personnel toward near-term eligibility for retirement threaten to over-
whelm efforts to continue to maintain the operation of the system. The recent
creation of the GS-2101 automation specialist job classification acknowledges
that Airway Facilities specialists are increasingly required to serve as systems
engineers, but the job classification has not been accompanied by the develop-
ment of validated selection or assignment procedures, performance assessment
procedures tied to clear job criteria, or tailored training programs. Although the
FAA has recently produced a human factors design guide applicable to Airway
Facilities, the paucity of research and analysis to support continued maintenance
and updating of knowledge bases for human factors applications to Airway Fa-
cilities is of deep concern.

Recommendations The panel recommends that the FAA significantly ex-
pand its application of human factors research, analysis, design, and test and
evaluation activities to Airway Facilities. These activities should be directed
toward the development of integrated workstations, teamwork and communica-
tion strategies, and procedures for selecting, assigning, training, managing, and
assessing the performance of Airway Facilities specialists.

STRATEGIES FOR RESEARCH

Human factors research should support long-range innovation by evaluating
developmental concepts and should also serve in the solution of immediate de-
sign problems by assessing specific design options. To fulfill these imperatives,
human factors researchers need to employ a wide array of information resources
and study methods. The invention of methodological refinements and the precise
determination of which methods to marshal for each research question as it arises
confront the human factors research community as continuing challenges.

Conclusions The inherent complexity of the air traffic control system and
the unpredictability of system error mean that all potential sources of human
factors engineering data must be used in research and system design activities. In
many instances, different methods or approaches to data collection must be com-
bined in an integrated collection process, with one method, set of tools, or data
source often complementing another. Most methods have inherent constraints or
limitations. For example, databases of design guidelines do not always address
future design issues; interpretation of accident analyses may be ambiguous; the
databases of reporting systems are sometimes difficult to access and integrate and
are not always available in user-friendly form; user opinions, either from surveys
or from rapid prototype evaluations, are often biased; many air traffic control
models are not validated, and existing models focus more on system performance
than on human performance; studies using simulations must trade off precision
and complexity with expense; and field studies impose particular constraints on
the experimental control of variables. In all behavioral analysis techniques (i.e.,
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all of the above except for modeling), there is a need to assess representative
samples of users across all levels of expertise.

The representativeness of participating controllers, operational scenarios,
and determinant variables ultimately determines the validity of the assessment
data that are collected in air traffic control research. Contemporary advances in
computer simulation have made it possible to undertake economical rapid proto-
typing in order to address most design questions, although such prototyping
should augment, rather than substitute for, comprehensive real-time simulation
with actual performance data.

Recommendations In order to overcome the current constraints on the us-
ability of air traffic control reporting systems, the panel recommends accelerated
efforts to provide user-friendly access to the aviation safety reporting system and
other reporting systems. Human performance models should be developed and
validated to support research and design activities in air traffic control system
development. Part of the modeling effort should be to address the articulation of
universally recognized quantifiable dimensions of controller performance, in-
cluding dependent variables that define performance across the range of opera-
tional contexts.

The panel recommends systematic work to formalize the role and enhance
the contribution of rapid prototyping in determining the characteristics of human-
computer interaction. Whenever feasible, a cost-effective simulation capability
should be included within design programs that will enable progressive accep-
tance testing and assessments of the risk of poor design, which may engender
operational problems and necessitate costly redesign, to be carried well beyond
preliminary rapid prototyping and into design validation activities. Early field
testing should be conducted as a means of further mitigation of the risk of poor
design. Additional human engineering standards and guidelines should be devel-
oped for design validation during system development to ensure that determi-
nants of controller (and system) reliability are adequately addressed prior to
system implementation.

SYSTEM DEVELOPMENT

Successful human factors programs closely link research and development
activities to ensure that research activities are responsive to developmental needs
and that research findings are applied in product development, testing and modi-
fication. Several factors are critical: extensive user input into the design process
at all stages, often employing rapid prototyping; extensive involvement of human
factors practitioners, who are knowledgeable about human factors design guide-
lines and about appropriate assessment techniques that capitalize on users’ exper-
tise; frequent opportunities for behavioral testing (not just expert opinion) of
interfaces, and for refinement of those interfaces at several points throughout the
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design cycle; and sensitivity to the special needs, wishes, and organizational
cultures of different facilities at which technology will be ultimately introduced.

Conclusions Although specifications for new systems typically detail the
functional and performance criteria for equipment, the human factors design
specifications and guidelines, traditionally applied as part of the definition of
system requirements, do not detail the functional and performance criteria for the
human controllers who also constitute critical elements of the system. The evo-
lution of human-computer interaction characteristics of new systems therefore
often relies on user evaluations of these characteristics as the design progresses.
User participation, however, is not a substitute for the expert knowledge of the
human factors specialist; rather, the two should function as complementary team-
mates during the acquisition process. One example of an apparently successful
form of this team relationship is the center-TRACON automation system (CTAS),
in which a key feature is the continuous involvement of customers and users in
both the design and evaluation process. The result has been a useful set of tools
for projecting and automatically sequencing aircraft approaches to airports that
has been well accepted by controllers. Human factors analysis, test, and evalua-
tion activities are important for both developmental and nondevelopmental items,
including commercial-off-the-shelf items; the application of such items may in-
volve both trade-offs of capabilities and transition issues that affect controller
tasks.

Recommendations The panel recommends that the FAA include both repre-
sentative users (e.g., controllers and maintainers) and human factors specialists
on product acquisition and development teams. Also, they should systematize
user inputs to the design process according to human factors procedures for
performing analyses and for conducting prototype and pilot trials to inform user
requirements and assess the likely impacts of design features on controller task
performance and workload.

Prototyping, simulation, and modeling exercises—carefully designed by hu-
man factors specialists and supported by user participation—should be applied to
assist in making design trade-offs and to distinguish between user preference and
usability. The FAA should use such studies to refine and tailor existing research
databases and design standards and to coordinate studies and results with opera-
tional data and recommendations derived from the FAA’s safety databases and
systems effectiveness databases. Human factors analysis, test, and evaluation
activities should be applied, for a given application, during the acquisition pro-
cess for nondevelopmental and commercial-off-the-shelf items to ensure that
they are compatible with the capabilities and limitations of users.

AUTOMATION

There has recently been a great deal of discussion of the concept of human-
centered automation, which is viewed by many as a critical issue to the successful
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introduction of automation. Unfortunately, however, there are many different
attributes that researchers have identified with this concept, and not all of these
are consistent with one another. Furthermore, not all of them are necessarily
consistent with the goal of attaining the best (i.e., safe and expeditious) system
performance. Detailed consideration of the human centered automation concept
as it applies to air traffic control will form the core of the second phase of our
work.

Conclusions A number of components of automation have been introduced
into the air traffic control system over the past decades in the areas of sensing,
warning, prediction, and information exchange. These automated systems have
provided a number of system benefits, and the attitudes of controllers have gen-
erally been positive. There are also a series of lessons that have been learned
from other domains about the appropriate and inappropriate implementation of
automation as it affects the human user or supervisor of that automation. Of
particular concern is the human being’s possible loss of alertness and awareness
of automated functions and system functioning, which may become critical if
sudden manual intervention is necessary. Humans may distrust the automation
because they fail to understand its complexities, and it is possible that reliance on
automation may lead to a loss of human proficiency in the skills that the automa-
tion replaces.

Recommendations The panel recommends that lessons learned from other
domains be carefully heeded in the further introduction of air traffic control
automation and that research be pursued to establish the generalizability of the
research findings to the air traffic control domain.
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BASELINE SYSTEM DESCRIPTION
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Overview

’I:IG American airspace system is impres-
sive in both its capacity and its safety. Still, during such events as severe weather
and recent power outages at the air traffic control centers around New York City,
Chicago, and Pittsburgh, we realize the vulnerability of the system’s capacity and
its complete dependence for safety on the skilled coordination of air traffic con-
trol and flight deck personnel. This sense of vulnerability is heightened by the
outdated technology underlying much of the physical equipment that controllers
must use (Stix, 1994) and the chronic shortage of personnel at many facilities.
Nevertheless, there are severe pressures to stress the system still further by push-
ing for more capacity and to fly in even more degraded weather conditions, while
still maintaining and improving the current standards of safety.

In order to meet these demands, many have argued that the level of automa-
tion in air traffic control facilities should be increased, to keep pace with the rapid
development of automation in the flight deck and with the developing availability
of satellite-based navigational technology. But as we have learned from other
domains, automation—the replacement of human functioning by that of ma-
chines—is a mixed blessing (Wiener, 1995). It can sometimes create more prob-
lems than it can solve, and these issues lie very much at the heart of this report.

Public safety considerations raise particular concern about the possibility
that automation will marginalize the controllers’ tasks to a point at which they
can no longer effectively monitor the process or intervene when system failures
or environmental disturbances occur. As a consequence of these concerns, mem-
bers of the Subcommittee on Aviation of the Public Works and Transportation
Committee of the U.S. House of Representatives suggested that the Federal Avia-
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tion Administration (FAA) ask the National Academy of Sciences/National Re-
search Council to undertake an independent assessment of the automation in the
current and future air traffic control system from a human factors perspective. In
fall 1994, the National Research Council established the Panel on Human Factors
in Air Traffic Control Automation.

The panel’s charge is to conduct a two-phase study to describe the current
system and assess future automation alternatives in terms of the human’s role in
the system and its effects on total system performance. The first phase involves
areview and analysis of the development and operation of the current system; the
second phase focuses on the system of the future. Each phase includes two
distinct tasks: one concerns the operation of the air traffic control system, and the
other concerns the integration of the system with the larger national airspace
system. Consideration of the organizational issues and institutional adjustments
that could strengthen the role of human factors science in the automation of the
system is also included in each phase.

The panel adopts a specific interpretation of the term automation. As noted
above, we define it to mean the replacement by machines (usually computers) of
tasks previously done by humans. We explicitly distinguish this term from that
of modernization, which includes any and all upgrades of air traffic control
technology, including those, such as the installation of new radar systems and
computers, that do not substantially alter the controller’s job (except perhaps by
offering more reliable data). When we use the term human-centered automation,
we are referring to a philosophy that guides the design of automated systems in a
way that both enhances system safety and efficiency and optimizes the contribu-
tion of human operators.

A key concept underlying the panel’s work, as well as recent events that have
occurred within the air traffic control system, is that of system reliability. For-
mally, this concept can be expressed either as a time measure (mean time be-
tween failures) for continuously operating systems or as a probability measure (1
— number of failures/number of opportunities) for systems or components associ-
ated with discrete events. In this report, we make the important distinction
between reliability and trust.

Designers continuously seek ways to make system reliability as high as
possible, often by striving to meet specific FAA procurement requirements.
Whereas this appears to be an admirable goal, absolute reliance on specified
reliability should be treated with some caution, for three reasons. First, like any
estimate, a reliability number has both an expected value (mean) and an estimated
variance. Yet the variance is often ill defined and hard to estimate. When it is left
unstated, it is tempting to read the offered reliability figure (e.g., r = .999) as a
firm promise rather than the midpoint of a range.

Second, objective data of past system performance reveal ample evidence of
systems whose promised level of reliability greatly overestimated the actual
reliabilities. For example, a recent outage of the newly installed voice switching
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and control system (VSCS) used hundreds of years of its specified nonavailability
(C. Grundmann, personal communication, 1995). There is little reason to doubt
that this projected level of overconfidence will persist, given the inherent human
tendencies toward overconfidence in forecast estimation (Fischhoff, 1982).

Third, experience also reveals that it is next to impossible to forecast all
inevitable circumstances that may lead a well-designed system to “fail,” even
given the near boundless creativity of the system engineer. One example of this
is the failure of the triply redundant hydraulics system in the United Airlines
Sioux City crash in 1989. Another example is the near impossibility of debug-
ging the entire set of software codes underlying functioning of the Airbus A320.

In short, we believe that it is impossible to bring the reliability of any system
up to infinity, or even to accurately estimate that level (without variability) when
it is quite high, and this has profound implications for the introduction of automa-
tion. That is, one must introduce automation under the assumption that some-
where, sometime, the system may fail; system design must therefore accommo-
date the human response to system failure.

In contrast to system and human reliability, trust refers to people’s belief in
the reliability of a system. Hence trust may accurately correspond to reliability or
not. Miscalibration can involve either overtrust (complacency) or undertrust.
We further distinguish two sorts of trust: the trust of the air traffic control
specialist in the components of the system under his or her control and supervi-
sion, and the trust of the flying public in the ability of the system to transport
safely and efficiently.

AIR TRAFFIC CONTROL OPERATIONS

The task of air traffic control includes several phases: ground operations
from the gate to the taxiway to the runway, takeoff and climb operations to reach
a cruising altitude, cross-country flight to the destination, approach and landing
operations at the destination, and finally, taxi back to the gate (or other point of
unloading). Figure 1.1 is a generic representation of these phases. The traffic to
be controlled includes not only commercial flights, but also corporate, military,
and general aviation flights (some in the latter class may choose, in good weather,
to fly in unrestricted regions of the airspace without the benefit of positive air
traffic control).

Control is accomplished by three general classes of controllers, each resident
in different sorts of control facilities. First, ground and local controllers (both
referred to as tower controllers) handle aircraft on the taxiways and runways,
through takeoffs and landings. Second, radar controllers handle aircraft from
their takeoff to their cruising path at the origin (departure control) and return
them through their approach at the destination (approach control), through the
busy airspace surrounding airport facilities. This region is referred to as a termi-
nal radar control area or TRACON. Third, en route controllers working at the air
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route traffic control center (ARTCC) manage the flow of traffic along the airways
between the TRACON areas. Overall flow of aircraft across the entire United
States is managed by the Air Traffic Control System Command Center in
Herndon, Virginia. Separate elements of the air traffic control system are also
represented by oceanic control for overseas flights and by military controllers
when military aircraft are flying within special-use airspace.

SAFETY AND EFFICIENCY

The stated goal of the air traffic control system is to accomplish the safe,
efficient flow of traffic from origin to destination. The joint goals of safety and
efficiency are accomplished by controllers through an intricate series of proce-
dures, judgments, plans, decisions, communications, and coordinated activities.
The communications and coordinations between the pilot and the controller are
most familiar to the public. However, every bit as critical are the coordinations
that take place within and between the air traffic control facilities themselves.
Controllers must hand off aircraft as they pass from one controller’s sector of
responsibility to another. This handoff communication is sometimes done within
a facility and sometimes between them. Also, hierarchical communications flow
from the most global, national perspectives to more regional and local ones. That
is, the Air Traffic Control System Command Center in Virginia considers na-
tional weather patterns and traffic needs each day and establishes national traffic
patterns. The constraints established there are passed downward and outward
throughout the system. Hour by hour, traffic patterns are monitored in the en
route systems and may be used to identify bottlenecks, which in turn may give
rise to specific instructions to hold aircraft from proceeding from one sector to
the next.

The two goals of safety and efficiency are to some extent partially contradic-
tory, and each is subject to tremendous pressures. We describe each in detail
below.

Safety is ensured, in large part, by guaranteeing minimum separation be-
tween aircraft, a separation defined by altitude and lateral dimensions, creating a
sort of “hockey puck” of space around each aircraft. These dimensions have
different values in different regions of the airspace. The pressures for safety
obviously come from the traveling community and are increased by reports of
very rare midair collisions (Wiener, 1989) and somewhat less rare near-midair
collisions (Office of Technology Assessment, 1988).

Of course, to ensure total safety, aircraft would never fly; to ensure a greater
safety level than we have today, separations between aircraft would be greater
than is currently the practice. However, that would compromise the second goal:
efficiency. Two forces put strong pressures on the system for efficient flow:
consumers and pilots. The traveling public, whose wishes are generally ex-
pressed by airline management, is understandably impatient with overbooked
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flights, ground holds, and delayed arrivals. Pilots, too, are understandably anx-
ious to make the flight time from gate to gate as short as possible, provided that
safety is not compromised. As shown in Figure 1.1, within the national airspace
system, this pressure is directly expressed to the air traffic control system via the
airline dispatchers who are heavily responsible for adhering to published arrival
and departure times.

The specific manner in which the goal of efficiency is met, thereby maximiz-
ing the capacity of the current airspace, is a more complex and constraining
process than meeting the goal of safety (minimum separation). The limiting
factor to capacity maximization is usually the rate of arrivals at an airport, par-
ticularly at the large hubs. The constraints at the hubs are dictated jointly by the
number of gates, the number of runways, and the speed with which aircraft can
exit the runways. Arrivals, more than departures, represent the limiting factor.

Every airport has a capacity in terms of number of aircraft it can receive per
unit of time. The goal of the air traffic control system is to meet that capacity (to
optimize flow) by delivering airplanes, at regularly spaced intervals, to line up for
the final approach. Several factors conspire to prevent this goal from being
achieved, causing the system to underutilize its maximum capacity.

(1) Controllers cannot normally “stack™ aircraft at the arriving TRACON,
to be delivered as soon as a slot is available. So schedule departures and speed
changes must be scheduled far upstream in strategic plans, in anticipation that the
capacity limits will be realized when the aircraft approach their destination. But
weather, head winds, and other uncertain conditions may influence a flight sched-
ule well before the airplane reaches its scheduled point near the final approach.
Optimization is limited by the limited ability of all elements within the air traffic
control system to predict the future.

(2) Wake vortices, particularly following the passage of heavy aircraft, force
the controller to maintain greater separation on the final approach for some
aircraft.

(3) Sudden changes in weather may force changes in the configuration of
airports—for example, closing or reversing runways, slowing taxiing.

A host of system design efforts at all levels are intended to counteract these
bottlenecks to efficiency (Federal Aviation Administration, 1996). On the ground,
although it is unlikely that newer, larger-capacity airports will be built in the near
future, more realistic possibilities exist for expanding the capacity of existing
airports by building added runways. Efforts are also under way to allow the more
efficient use of existing runways by expanding the opportunities to use parallel or
converging runways for landing. The National Aeronautics and Space Adminis-
tration has a program of research on terminal area productivity (Eckhardt et al.,
1996), to allow more rapid exits from runways after landing and more rapid
taxiing to the gates, particularly in bad weather. Increased developments of
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heads-up displays and automatic landing (autoland) systems are designed to al-
low more aircraft to land in poor visibility. Perhaps the biggest pressure for
efficiency has been exerted on the air traffic control system itself, to increase its
efficiency through equipment upgrades, in a manner that may challenge the cog-
nitive capacities of the individual controller to the utmost. This important issue is
a key theme in the next three chapters.

The typical controller is able to address the sometimes-conflicting pressures
for safety and efficiency in two ways: (1) by adhering to a well-developed and
extensive set of FAA procedures that have evolved over the years and (2) by
being able to augment them with skilled problem solving on the infrequent occa-
sions when following procedures fails to specify the appropriate actions. Under-
standing how the system came to evolve as it is today and appreciating the current
pressures can be facilitated by considering the pilot’s perspective, as well as some
key historical events that have occurred in the evolution of the national airspace
system.

THE PILOT’S PERSPECTIVE

Because of the somewhat differing perspectives of pilots and controllers,
their views on the best tactics to achieve their mutual goals of safety and effi-
ciency are not always the same. Most critically, the air traffic controller has a
number of aircraft to deal with, whereas the pilot is concerned with only one. The
air traffic control system, of which an individual controller is only one part, is
spread over a large area and must be managed so that aircraft cross over or under
each other safely. The commercial pilot, generally reflecting the goals of the
airline dispatcher, would like to fly the aircraft in the most efficient manner by
choosing the most direct route (a straight course or a great circle arc) and at the
aircraft’s optimal altitude. This ideal course is not always compatible with the
constrained routes available. This situation had led the FAA to allow greater
flexibility for commercial aircraft to fly preferred routings at high altitudes and to
fly great circle routes under its expanded national route plan (NRP) program.

Another difference is that the pilot’s goal of efficiency is not always in
harmony with that of the controller. The controller’s goal is to maintain the
maximum evenly spaced flow of all aircraft from airport to airport, even if this
means that a given aircraft must slow down or do an extra turn.

Aircraft automation is also a potential source of conflict. Many newer air-
craft employ very sophisticated systems. The flight management system (FMS)
is one such system; based on temperature, wind, and the weight of the aircraft, the
system can select the best altitude for the aircraft to fly. Although many aircraft
may prefer the same altitude, the controller assigns it to the first aircraft departing
along that route. If it were permissible, the aircraft’s flight management system
would constantly change altitudes throughout the flight in order to select the best
altitude: following takeoff, the aircraft would commence a slow climb as fuel

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/5493

Flight to the Future: Human Factors in Air Traffic Control

24 FLIGHT TO THE FUTURE

was burned off, climb until it reached its optimal altitude, cruise while seeking
the optimal altitude to minimize head winds and maximize tail winds, and then
start a steep descent near its destination. However, the most efficient method for
operating one jet aircraft is not necessarily compatible with the controller’s need
to maintain safe and expeditious flow control across all the aircraft aloft.

In addition to the flight management system, other forms of automation can
amplify the differences in perspective between pilots and controllers. For ex-
ample, the traffic alert and collision avoidance system (TCAS), described more
fully in Chapter 12, allows pilots to initiate a traffic avoidance maneuver without
direction from air traffic control. If not carefully implemented and if prior noti-
fication is not given to the controller, such a maneuver can severely disrupt the
overall traffic flow plan (Mellone and Frank, 1993).

The goals and tactics of pilots and controllers generally coincide as the
destination airport is approached, although sometimes a controller’s request that
the pilot make a steep, last-minute descent or a visual approach can conflict with
the pilot’s sense of safety, comfort, or both (Monan, 1987). As aircraft near their
destination, it becomes necessary for the controller to become more involved in
maintaining their precise trajectory. This is usually accomplished by directing
the aircraft to follow a set of orders. The controller uses a radar display to adjust
the distance between aircraft so that a stream of aircraft flows toward the runway
that is being used for landing.

Although aircraft automation may provide some sources of tension between
pilots and controllers, there is no doubt that, on the whole, both the flight man-
agement system and the traffic alert and collision avoidance system have been
well received by both communities and can be viewed as safety enhancing. Pilots
greatly appreciate automation that provides them with more integrated informa-
tion, although they are less pleased with some features of the more complex
forms of automation that involve extensive programming and reprogramming
(Wiener, 1989). Before-flight programming has added significantly more time to
the preflight actions required by the flight crew, as much as an additional 15-20
minutes. And in-flight reprogramming of the system can take precious minutes
in an already high-workload, dynamic situation.

Complex cockpit automation such as the flight management system may also
“hide” the logic behind its control of the aircraft’s trajectory in ways that pilots do
not always understand, leading them to feel that they are “out of the loop” (Sarter
and Woods, 1995). Finally, there is the very real danger that automation can be
trusted too much, leading to a sense of pilot complacency (and resulting failure to
monitor the automated device). Overtrust and overreliance may even result in a
potential loss of manual flying skills.

In a very different manner, flight deck automation has the capability of
further improving national airspace system safety if lessons (both good and bad)
that pilots have learned from their automated devices can be transferred effec-
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tively to the implementation of air traffic control automation. Examples of these
lessons are discussed more fully in Chapter 12.

These and other human factors concerns regarding the national airspace have
evolved from events and developments that have taken place over the last half
century, some of which are described below.

KEY HISTORICAL EVENTS

Since the introduction of radar in the late 1940s, drastic changes have oc-
curred in the national airspace system. Some changes have resulted from techno-
logical developments (e.g., the introduction of radar, sensor technology or global
positioning system). Others have been more abrupt, resulting in part from analy-
sis of catastrophic accidents. Had these accidents never happened, the changes
might never have taken place. The list below is an approximate chronology of
key events, most of them accidents, that have transformed the national airspace
system since the 1950s to its current state. Some, but not all, have direct implica-
tions for air traffic control. Others have broader implications for air safety in the
national airspace system. Many of the advances in air traffic control technology
that have led to the evolution of the national airspace system are described in
subsequent chapters. Figure 1.2 represents these events on a time line, along with
certain key developments or policy changes that have been instigated as a result.

1. On June 30, 1956, a United Airlines DC-7 and a Trans World Airlines
(TWA) Constellation collided over the Grand Canyon. The TWA aircraft was
operating at 21,000 feet with an “on top” clearance, and the United one was
cleared under instrument flight rules at 21,000 feet. Because of this accident, a
radar positive control system was implemented with the requirement that all air
carriers operate under instrument flight rules. It has been said that this accident
stimulated more action to modernize the air traffic control system than any other
single occurrence (Luffsey, 1990).

2. During an approach to Miami International Airport, all three members of
the flight crew of Eastern Airlines L-1011 were distracted by a landing gear
warning light and none recognized that the autopilot had disconnected and the
aircraft was descending until only a few seconds before the crash. The accident
served as the first prominent example of two critical problems that had great
impact on later human factors developments in aviation: the problem of compla-
cency with an automated system and the problem of crew resource management
(Wiener, 1977). As we discuss in subsequent chapters, both issues have direct
relevance for the evolution of air traffic control.

3. In 1974, a TWA flight on approach to Dulles International Airport crashed
into a mountainside, the flight crew unaware of the mountain’s presence in the
forward flight path. The accident led the FAA to greater concern for problems in
communication ambiguity between ground and air. In the air traffic control
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facility, it provided a trigger for the introduction of the minimum safe altitude
warning, an early form of automation. The accident also provided a major
impetus for the introduction of the ground proximity warning system into the
cockpits of all transport aircraft, a procedural change that had a profound and
positive influence on air safety.

4. In 1977, two Boeing 747s collided on a runway at Tenerife in the Canary
Islands, the worst commercial aircraft disaster in history. As with any major
accident, several factors were involved, but a critical one was the misunderstand-
ing in voice communications between the controller and the captain of one of the
aircraft. As a consequence of this disaster, major efforts were made to standard-
ize communications procedures in international airspace.

5. The San Diego midair collision of a PSA B-727 and a Cessna 172 on
September 25, 1978, again illustrated ground-air communications problems and
also heightened the need for an airborne collision avoidance system for pilots.
(The ground-based conflict alert system for controllers had been introduced in
1976.) The Cessna was climbing under air traffic control and the B-727 was
making a visual approach to the San Diego airport. The B-727 crew stated they
had the Cessna in sight but had misidentified the target in the busy southern
California airspace. The visibility was limited due to hazy conditions. The
National Transportation Safety Board found that the PSA pilots did not maintain
adequate visual separation, and the controller was cited for allowing an aircraft to
use visual separation only. A consequence of this accident in part led to acceler-
ated development, testing, and implementation of the traffic alert and collision
avoidance system, now a feature on all commercial aircraft.

6. A United Airlines DC-8 crashed on an approach to the Portland, Oregon,
airport on December 28, 1978. The cause of the accident was fuel exhaustion.
Because of a malfunction of the landing gear warning system, preparation for an
emergency landing preoccupied the captain and, despite warnings by other crew
members about the low fuel state, he delayed the landing. The poor use of
resources by the captain instigated a reevaluation of the organization of the
cockpit. Researchers identified and analyzed other accidents that were mainly
related to the chain of command, crew coordination, management style, and
team-building elements of airline cockpit (Cooper et al., 1980; Murphy, 1980;
Foushee, 1984:Chapter 7). This effort gave rise in the 1980s to a new require-
ment by the FAA to promulgate optimal cockpit management. It is now gener-
ally described as cockpit resource management or crew resource management
and has become a training course for pilots. The essence of resource manage-
ment training has found its way into flight attendant, air traffic controller, and
maintenance training as well as operations outside the airline industry. Its posi-
tive benefits on air safety have been well documented (Diehl, 1991).

7. During the period around 1980, four nonaccident events took place that
have had a profound influence on the national airspace system. (a) In 1978,
deregulation of the airline industry created both a decrease in ticket prices (lead-
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ing to a much greater demand for flying) and a change in flying routes, as airlines
formed hubs at some major cities. These factors combined to create much greater
traffic congestion in certain regions of the airspace. (b) In 1981, an air traffic
controller strike led to the firing of much of the air traffic control workforce,
creating a shortage of trained personnel to manage the increased traffic and
exacerbating the stresses on the system. This shortage remains today. (c) In
1980, the aviation safety reporting system was developed at NASA Ames and
implemented by the FAA, providing valuable insight into the nature of incidents
in both the flight deck and the air traffic control facility. This database has
provided valuable indicators of airspace hazards. (d) In 1981, the FAA certified
the two-person flight deck on a new generation of Boeing and McDonald Dou-
glas aircraft, triggering a modest revolution in aerospace automation and further
development of the flight management system (Billings, 1996b).

The introduction of higher levels of flight deck automation in the 1980s has
produced its own set of accidents that have revealed certain human factors prob-
lems, previewed by the 1972 Everglades crash—number 2 above (Wiener and
Curry, 1980). Although none of these accidents directly influenced the national
airspace system or air traffic control procedures, all have led to the evolution in
thinking about the role of humans and automation in flight safety.

8. The downing of Korean Airlines flight 007 demonstrates a major concern
with automation. On September 3, 1983, a Soviet fighter shot down this B-747
over Sakhalin Island. The aircraft had transgressed the boundary of the Soviet
Union without permission. The Korean flight crew had inadvertently left the
inertial navigation system in a heading mode, which allowed the autoflight sys-
tem to maintain a constant heading rather than a programmed track. Complacent
in their belief that the “dumb and dutiful” automation system was correctly doing
its job, they apparently failed to monitor their position in the airspace.

9. On February 28, 1984, a Scandinavian Airlines DC-10 skidded off the
runway at John F. Kennedy Airport in New York. The autothrottle system, a
means of automatically controlling the speed of the aircraft, was in use during the
landing approach. Although the system had a history of malfunctioning, the crew
did not override the overspeed of the aircraft. This was one of the first cases of
automation gone awry. The crew was required by the airline to use the auto-
throttles for this approach, and they had placed too much trust in the automatic
system.

10. A China Airlines B-747 flying at 41,000 feet on February 19, 1985, lost
power to its number 4 engine. It was night and the crew was operating with the
autoflight engaged. The autoflight system compensated for the power loss by a
complicated combination of control inputs. When the captain finally became
aware of the problem and disconnected the autoflight system, the airplane entered
a spiral that could not be corrected until the aircraft had fallen over 30,000 feet.
Again, overreliance on automation was cited as the cause of the incident.

11. A series of accidents involving Airbus Industrie aircraft have been at-
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tributed to failures of automation or, more often, to the design of automation
systems; that is, the full range of operations and constraints under unusual cir-
cumstances were poorly understood by the pilot (Aviation Week and Space Tech-
nology, January 31, 1995; February 6, 1995). As one example, during an ap-
proach to a runway at Nagoya, Japan, the copilot of a China Airlines A-300
inadvertently selected an automated go-around mode but attempted to continue
flying the airplane to a landing. The autoflight system attempted to climb and
increased engine power, but the copilot overrode the control in an attempt to land.
The aircraft went out of control when the copilot could no longer overpower the
autopilot, which had trimmed the aircraft for maximum climb. In 1992, another
A-320 crashed on approach to the Strasbourg airport when the pilots inadvert-
ently selected a high-angle descent rather than the standard 3-degree glide path.
Redesign of the display was made subsequent to the accident. Collectively, these
and other accidents described in greater detail in Aviation Week and Space Tech-
nology (January 31, 1995; February 6, 1995) have caused human factors re-
searchers and aircraft designers to take a very hard look at the appropriate levels
of flight deck automation and, in particular, important human factors lessons that
should be learned in the introduction of any automation system. The relevance of
these lessons to air traffic control is discussed in detail in the chapter on automa-
tion.

12. On January 25, 1990, an Avianca B-707 crashed during an approach to
the John F. Kennedy Airport in New York. The weather had caused delays and
holding. The crew had warned the air traffic controllers that they were low on
fuel but failed to impress them with the seriousness of their dilemma. This
accident, like that at Tenerife years before, demonstrated the weakness of voice
communications that take place in other than one’s native language. Many fac-
tors were present in this accident as in the Tenerife one, but basic was the inabil-
ity of the crew to communicate effectively with the controller. Standardized,
understandable voice phraseology was adopted by the FAA subsequent to this
accident.

13. Finally, two accidents have called attention to the vulnerability of the
national airspace system in ground operations. In 1990, two Northwest Airlines
aircraft, a DC-9 and a B-727, collided on a fog-shrouded runway in Detroit. The
crew of the DC-9 was cited for its taxiing onto an active runway without clear-
ance. The airport was cited for the nonconformance of its signs and taxiway
lights. The tower was cited for its lack of clear taxi instructions, knowledge of a
problem intersection without adequate safeguards, and failing to broadcast a stop
takeoff message when it was found that an aircraft had taxied onto the takeoff
runway.

On February 1, 1991, a USAir B-737 collided with a Skywest Metro at the
Los Angeles airport. The accident occurred at night while the Metro was await-
ing takeoff clearance on a runway. The Metro had taxied into position at an
intersection some distance down the runway. The B-737 had been cleared to land
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on the same runway. The tower controller could not see the Metro in the lights of
the runway and, because a flight strip for the Skywest was not at the controller’s
position, forgot that it was awaiting takeoff. The National Transportation Safety
Board cited the lack of management in the tower facility, from the perspective of
both oversight and policy direction, and failure of appropriate coordination in
following procedures in the tower. The controller was very busy and did not have
adequate backup, nor was the surface radar available for monitoring the aircraft
on the airport. Certain procedures of information exchange were violated. Both
of these accidents have stimulated major efforts to improve navigation and sur-
veillance on the ground.

14. In 1994, the FAA introduced the expanded national route plan, which
enables commercial airlines to have greater flexibility in choosing their desired
courses at high altitudes, thus initiating a trend toward greater authority by com-
mercial pilots and airline dispatchers to manage their flight trajectories. This
trend may be enhanced by the implementation of free flight, in which operators
under instrument flight rules have the freedom to select their path and speed in
real time (Planzer and Jenny, 1995).

The time line shown in Figure 1.2 constitutes but a partial list of key events
and trends that have occurred and influenced the national airspace over the past
40 years. In particular, we have not highlighted many of the specific develop-
ments and technological evolution within the air traffic control facility as these
pertain to current practices. These developments are thoroughly treated in the
chapters that follow.

SCOPE AND ORGANIZATION OF THE REPORT

The panel’s work is being reported in two separate reports. This report
describes in some detail the human factors aspects of the baseline air traffic
control system as it exists today. Although we consider automation issues to
some degree, particularly those that already exist, we also focus on many more
traditional human factors issues, such as current training procedures, display
design, workload, and team communication and cooperation. This report sets the
stage for an in-depth examination of proposed automation levels of the future air
traffic control system, to be described in the panel’s second report. Both volumes
focus of course on air traffic control; however, we also address other complex
systems, in which lessons learned from human factors research can be applied to
the air traffic control system.

This report has 12 chapters. In Part I, we discuss the general system by
which air traffic is controlled; the procedures used for selecting, training, and
evaluating controllers; and the support provided by airway facilities staff. Chap-
ter 2 considers the specific air traffic control systems and describes the different
facilities and controller tasks. Chapter 3 addresses controller attributes and the
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tools used for personnel selection, training, and evaluation. Chapter 4 describes
the operations and personnel of airway facilities.

In Part I we consider specific human factors issues within the current sys-
tem: the cognitive tasks of the controller (Chapter 5), workload and vigilance
considerations (Chapter 6), teamwork and communications (Chapter 7), system
management (Chapter 8), and human factors issues in airway facilities (Chapter
9).

In Chapters 10 and 11 we consider two important methodological issues in
human factors research: how research is tried out on air traffic control issues and
how human factors knowledge is actually incorporated into design of the current
air traffic control system.

In Chapter 12 we set the stage for our Phase 2 report by focusing on two
aspects of automation. We first summarize and synthesize automation levels
achieved in the current air traffic control system both in North America and in
Europe, show how they have worked, and the lessons learned. In the second part
of the chapter, we address several generic issues in the human factors of automa-
tion, drawing guidance from other domains such as process control, robotics, and
the flight deck, where automation has evolved further than it has in air traffic
control.
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Tasks in Air Traffic Control

In this chapter, we describe the tasks of
people who work in three types of air traffic control facilities: the air traffic
control tower, the terminal radar approach control (TRACON), and the air route
traffic control center or, as it is often called, the en route center. We also consider
the tasks of people at two other locations: the Air Traffic Control System Com-
mand Center in Herndon, Virginia, and the flight service stations around the
country.

In describing the duties of the controller in the tower, the TRACON, and the
en route facilities, we point out their common as well as their distinguishing
features. Although the descriptions are fairly generic, it should be emphasized
that, within a type of facility, there are vast differences from region to region,
dictated by the level of activity (compare the New York TRACON with that at
Champaign, Illinois, for example) and by other unique features of the work
culture.

AIR TRAFFIC CONTROL ORGANIZATION

The Federal Aviation Administration’s current headquarters organizational
structure is divided into six “functional lines of business,” each the responsibility
of an associate administrator reporting directly to the agency’s administrator
(FAA Headquarters Intercom, December 13, 1994):

1. The air traffic control organization, called Air Traffic Services, is respon-
sible for operation of the 20 en route centers, almost 200 TRACON facilities,

32
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hundreds of airport towers, the Air Traffic Control System Command Center, and
flight service stations located throughout the United States and Puerto Rico. Air
Traffic Services formulates plans and requirements for future air traffic control
operations and evaluates and analyzes current operations. Encompassing both air
traffic control and airway facilities activities, Air Traffic Services is responsible
for requirements; system management; rules and procedures; national airspace
system operations, transitions, and implementation; resource management; logis-
tics; flight inspection programs; and airspace capacity planning.

2. The Research and Acquisition organization is responsible for the devel-
opment of communications, navigation, and surveillance systems; system archi-
tecture; aviation research; research and development performed at the FAA Tech-
nical Center; and all technology acquisitions.

3. The Regulation and Certification organization is responsible for aircraft
certification, flight standards, rule making, aviation medicine, and accident in-
vestigation.

4. The Airports organization is responsible for airport planning and airport
safety.

5. The Civil Aviation Security organization is responsible for security op-
erations and planning and for civil aviation security intelligence.

6. The Administration organization is responsible for agency human re-
sources, budgeting, and accounting, as well as for the FAA’s Aeronautical Center
and for administrative functions at the nine FAA regions.

Regional administrators at the nine regions are responsible for the adminis-
trative functions of the multiple facilities in their regions. Regional administra-
tors report to the Administration organization at FAA headquarters; they do not
have line authority over the regional division managers for Air Traffic, Airway
Facilities, Airports, or Civil Aviation Security, who report directly to their re-
spective associate administrator or director at headquarters. Thus, the director of
Air Traffic Services directly supervises the regional division manager for Air
Traffic (FAA order 1100.148B).

This chain of responsibility and authority continues through the area level, at
which air traffic managers, reporting to their respective regional division manag-
ers, are responsible for the day-to-day operations of an assigned group of air
traffic control facilities. Air traffic managers are supported when necessary by
assistant managers, area managers, and area supervisors, to whom air traffic
controllers report (FAA order 1100.126F, April 13, 1990; FAA order 1100.5C,
February 6, 1989).

Air traffic control services are provided at three types of facilities:

1. Terminals, including tower and TRACON controllers,

2. En route centers, and
3. Flight service stations.

Copyright National Academy of Sciences. All rights reserved.


http://nap.nationalacademies.org/5493

Flight to the Future: Human Factors in Air Traffic Control

34 FLIGHT TO THE FUTURE

Each type of facility provides a particular service to the users of the national
airspace system and, in all three, automation is used to assist people in making
decisions and in supplying up-to-the-minute information. In 1994, the three
types of facilities carried out more than 164 million operations; by the year 2000,
they are projected to carry out 207 million operations.

THE TOWER

The Task

Within the terminal area of air traffic control, there are two distinct functions
provided by air traffic controllers. The tower controller, located in a glass struc-
ture “on top of the tower,” controls aircraft on the ground, just after takeoff, and
just before landing (Figure 2.1). Tower control tasks are usually divided between
the ground controller and the local area controller. The TRACON controller,
located in a windowless radar room either below the tower cab or somewhere else
in the area, controls aircraft in the wider region of space around the airport. The
key responsibilities of tower controllers are to:

1. Issue clearances for the aircraft to push back from the gate and then to
leave the ground. These clearances generally involve confirmation of schedules

FIGURE 2.1 Control tower. Source: Federal Aviation Administration.
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of flight plans that were filed previously through Flight Services and by airline
dispatchers. For takeoffs and landings, they involve prior assurance of safe
separation from other traffic.

2. Manage ground traffic to and from the gate. This involves lining aircraft
up in a sequence for takeoff and coordinating the traffic on the runways so that it
does not conflict with other ground traffic (aircraft or vehicles) or with aircraft
that are taking off or landing.

3. Hand off the departing aircraft to and accept the arriving aircraft from the
TRACON controller residing in the radar room.

The ground functions of taxi management are handled by the ground control-
ler, and the takeoffs and landings are handled by a local controller. At smaller
facilities, or at times of very low traffic density, the two functions may be carried
out by a single individual.

Visual Resources

The most critical task of the tower controller (both ground and local) is to
keep track of who is where. Because all aircraft are nominally within sight of the
controllers in the tower, the most important resources at their disposal are their
eyes, coupled with a voice communication link. The challenge is always to know
how to communicate with an identified aircraft on the ground and in the air. Thus
towers are constructed to provide as much full visibility of the entire airport
surface as possible, although there are occasional deficiencies caused by airport
structures (one such deficiency was identified as a causal factor in the runway
incursion accident at the Los Angeles airport in 1991; see number 13 on the list in
Chapter 1).

The task of knowing whom one is looking at is not a trivial one at a busy
airport. Many aircraft look alike; vision is often degraded at night or when
ground fog obscures parts of the runway; pilots can add to the tower controller’s
demands if they become confused and take a wrong turn on a taxiway or ramp;
and the visual chaos is often enhanced by the diversity of ground vehicles, trav-
eling this way and that, occasionally without communications to the tower.

Some assistance for the local and ground controllers is being provided by
airport surface detection equipment (ASDE), a system that provides radar identi-
fication of ground vehicles and aircraft at the airport. It is being added to many
airports that do not have this equipment and upgraded at airports that do have it;
the installations and upgrading are behind schedule, however. Many towers are
equipped with radar displays called DBRITE (digital brite, radar indicator tower
equipment) to augment visual control of airborne traffic. The DBRITE provides
the local controller with (1) a radar presentation of about 15 miles around the
airport and (2) alphanumeric information on the aircraft that is received from the
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FIGURE 2.2 Flight strip. Source: Federal Aviation Administration.

automated radar terminal system at a nearby TRACON (discussed at length be-
low).

The information from the DBRITE provides the tower controller with a view
of arrival aircraft that are not yet under his or her control, so the aircraft that are
the controller’s responsibility on the ground can be safely and efficiently coordi-
nated with planned arrivals. DBRITE enhances the local controller’s ability to
control higher volumes of airport traffic by providing key information about the
aircraft identity, type, altitude, first fix after departure, and speed while the air-
craft is on final approach.

Flight Strips

The controller’s task of maintaining location information is greatly facili-
tated by paper flight strips (Figure 2.2). These physical representations of each
aircraft, which are computer generated at the time the flight plan is filed, repre-
sent a visible reminder of an aircraft’s status in the sequence of taxi-takeoff (for
departure) or landing-taxi (for arrival). As they are physically moved around the
controller’s workstation, they are a reminder of what each represented aircraft is
doing on the terminal surface, thereby generally helping to maintain the big
picture of who is where. Along with the visual obstruction cited above, a lost
flight strip was also identified as one cause contributing to the 1991 Los Angeles
runway incursion.

Communications

Using standardized phraseology, the controller talks with the pilots on radio.
A particular pilot knows that he or she is the recipient of a communication by the
header ID (“United two twenty-four: hold short at runway two four left”), and
other pilots can also hear the message. Such a “party-line” feature creates added
auditory input in all cockpits, allowing all pilots to build a better mental model of
what surrounding traffic is doing (Pritchett and Hansman, 1993).

Tower controllers communicate with pilots, with each other (ground to lo-
cal), and with the TRACON controller in the radar room to accept arrivals and
hand off departures. This latter communication is handled in three ways: first,
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voice communication is used to coordinate (e.g., accept or decline handoffs). For
example, a local controller may refuse to accept a landing aircraft until he or she
knows that the runway will be clear for a certain period of time before the
approaching aircraft touches down. Second, information on the flight strips is
also relayed between tower and radar room, specifically by the FDIO (flight data
input/output) computer system. Third, the communication is mediated by the
pilot, who, when instructed, changes radio frequency and contacts the next appro-
priate control facility. Then the handoff is complete.

Traffic Management

Throughout this process, the tower controller at busy facilities feels continu-
ing pressure from the clients being served: from outbound aircraft, to move each
one as soon as possible to the desired “Number 1 for takeoff” position, and from
inbound aircraft, to get them off the active runway as soon as possible and, once
off, to get them taxied to the gate as soon as possible. When the taxiing aircraft
must be cleared to cross an active runway that is accepting a steady stream of
departing and arriving aircraft, the scheduling demands can be challenging in-
deed.

THE TRACON

The Task

The tasks of the terminal radar or TRACON controller, are (1) to manage the
safe and expeditious flow of a departing aircraft accepted from the tower to a
handoff to the en route controller, a job usually handled by the departure control-
ler, and (2) to manage the arriving aircraft from a handoff from the en route
controller to a handoff to the tower controller on a final approach for landing, a
job usually handled by the approach controller. A key component of the
TRACON controller’s job, like that of the tower controller, is sequencing or
“lining up” the aircraft in an orderly inbound or outbound flow, at regular spac-
ing. Maintaining the safe separation between aircraft is as important as it is for
the tower, but for the TRACON controller it is an even more challenging task
because separation is now a three-dimensional problem and aircraft are con-
stantly climbing and descending (in addition to their lateral movement). Thus,
the TRACON controller must be ever sensitive to the critical separation criteria
for all aircraft operating under instrument flight rules: 1,000 vertical feet and 3,
4, or 5 miles lateral separation, depending on the size of the aircraft. (Large
aircraft require more lateral separation because of the wake turbulence they cre-
ate with their wings.) The pressures for efficiency often dictate separations that
are not much greater than this, and the countervailing pressures for safety dictate
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that these criteria shall never be violated, such that operational errors are re-
corded.

The skills necessary to balance these criteria and maintain the regular, evenly
spaced flow are considerable, as we detail in subsequent chapters. Aircraft must
be constantly adjusted in their speed, heading, and altitude to meet the dual
criteria of safety and efficiency while they follow generally standardized ap-
proach and departure routes (a good description of this task is provided by
Luffsey, 1990). Empty “slots” in the airspace are sometimes filled by trying to fit
in an additional aircraft. The adjustment of flight paths is accomplished through
voice communications with the pilot and his or her rapid and accurate compli-
ance. At the same time, the TRACON controller tries to maintains sensitivity to
the pilot’s needs to avoid excessive and abrupt maneuvering.

Each controller will work his or her set of aircraft through a given sector of
the airspace. These sectors are sometimes oddly shaped three-dimensional vol-
umes, which include not only the standardized arrival and departure routes, but
also features like terrain, structures, special-use (restricted) airspace, and missed
approach paths. Sometimes a given controller will work only arrivals, sometimes
departures, and sometimes both, an assignment that may vary throughout the day
or night, as the TRACON becomes more or less busy.

The Information: The ARTS III System

The critical information available to the controller is collected by the ARTS
(automated radar terminal system) computer system. The most sophisticated
version is the ARTS III computer system which supports all high-activity (level 4
and 5) TRACON facilities (Figure 2.3a and 2.3b). The information that is inte-
grated in the computer is provided by primary and secondary radar and by the
flight data input/output computer. The primary radar (airport surveillance radar)
receives returns from all aircraft in the air. The secondary radar is an active
system that receives digital signals from all aircraft equipped with a transponder.
The FDIO hosts computer-based flight plans. From these three sources, for each
aircraft equipped for instrument flight rules, the ARTS III system has available a
data block, which contains information on aircraft call sign, type of aircraft,
destination airport, first navigational fix after departure, mode C altitude (if
equipped with a mode C transponder), ground speed, and scratchpad information
useful to the controller (Figure 2.4). Such information may be accessed at any
time via the computer interface. Some of it is contained on the computer-gener-
ated flight strips, and some is presented on the radar display.

The sophisticated ARTS IIIA system, used at all level 4 and 5 TRACON
facilities, contains automated monitoring systems that provide conflict alerts and
minimum safe altitude warnings. Level 2 and some level 3 facilities are sup-
ported by the less sophisticated ARTS 2 system, which does not have the auto-
mated options and is served only by primary radar signals.
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FIGURE 2.3a ARTS III radar display. Source: Federal Aviation Administration.

The Radar Display

For the controller, the most critical source of visual information is the radar
display, which supports maintenance of the big picture. The primary radar re-
ceives a return from anything in the sky and paints this on the scope. The
secondary radar receives additional information from aircraft equipped with tran-
sponders; this information includes aircraft identity, derived from a code trans-
mitted by the aircraft transponder, and altitude information, if the aircraft is
equipped with a mode C transponder. When the ARTS computer has a flight plan
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FIGURE 2.3b ARTS III radar display detail. Source: Federal Aviation Administration.
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FIGURE 2.4 Data block. Source: Federal
Aviation Administration.

associated with the transponder code transmitted by the aircraft, a data tag con-
taining the aircraft’s call sign (identity), mode C altitude (if the aircraft is
equipped), and ground speed will be displayed on the controller’s radar display.

The ARTS III computer works to integrate the primary and secondary radar
information to provide the most accurate estimate of current aircraft location.
The raw blip of the primary radar is always on the screen. In addition, a line at
the end of the data tag represents the computer estimation of the position based on
both primary and secondary radar. This upgraded system yields more accurate
position by time data. Its first priority is to track aircraft using the secondary
radar. If for some reason it cannot get a good return on the secondary radar, it
will track on the primary radar return. The ARTS tracker is a predict-and-
confirm system. Once a target is identified, it establishes a history of direction
and speed in the computer memory. Then the computer places the alphanumeric
information on a predicted path and waits for the 4-second radar sweep to con-
firm the position. To the controller, the information always appears to be associ-
ated with the actual target. When the system fails to confirm its prediction, it
begins a search around the predicted path and alerts the controller with the letters
CST (meaning “track lost”) displayed in the altitude field of the tag.

The controller can communicate with the computer generating the display
via a trackball and keyboard system. The trackball can be used to position a
cursor on top of a given aircraft symbol, and the keyboard can then be used to
enter information into the host ARTS computer pertaining to that aircraft.

The particular example of the radar screen, shown in Figure 2.3a and 2.3b,
indicates the orderly flow of aircraft across the TRACON area, entering or de-
parting at “gates” in the four corners adjacent to the en route area, and being
merged and lined up just short of the two active runways. This is a situation that
the skilled controller can handle by an adjustment in the flight path of one or the
other.

The screen represents a compromise between information and clutter. Natu-
rally the controller would like to have maximum information about each flight, at
a location immediately adjacent to the aircraft’s accurately depicted position. In
the same display the controller also may have information regarding other spatial
features, like the location of ground hazards, approach and departure routes,
navigational fixes, and even, ideally, severe weather patterns, which are available
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to most controllers with the new ASR-9 radar. At the same time, this plethora of
information, particularly during busy traffic periods, can present a very cluttered
display. Data tags may overlap or overlie other display features. Some intelli-
gent features within the ARTS computer will adjust the location of tags to pre-
vent excessive overlap, and the controller does have some options for decluttering
the display.

Automation also provides conflict alerts for projected and current loss of
separation and alerts for loss of separation from the terrain (a minimum safe
altitude warning). Data blocks blink and aural alarms are sounded. The control-
ler has some options to declutter the display including removing fixed objects,
decreasing sensitivity to weather, and simplifying or removing data blocks.

Flight Strips

Flight strips are issued by the flight data input/output computer. The exist-
ence of the data blocks lessens the controller’s degree of dependence on the flight
strips, in comparison to the era before the ARTS computer was implemented.
But these strips still remain an important augmentation to the controller’s memory
of what each aircraft is doing or is about to do. Controllers may write on the slips,
indicating instructions just issued to aircraft, or they may cock the strips of
certain aircraft at odd angles, to remind them of certain unusual circumstances
that may need to be addressed in the future, information that will not be known by
the ARTS computer (and hence cannot be portrayed in the radar data block).

Traffic Management

Although controllers strive to preserve an orderly flow of traffic, several
forces exist to counteract this goal. The following is a partial list:

* The sector may be filled by a very heterogeneous mixture of aircraft,
including slow-flying but fast-maneuvering general aviation aircraft and fast-
flying but slow-maneuvering transport aircraft, particularly the wide-bodied
“heavies” like the 747 and the DC10. Aircraft differ in the extent to which they
leave dangerous but invisible wake vortices in trail, which require different sepa-
ration standards between light and heavy aircraft, both in terms of the vortices
they leave and the susceptibility to the vortices they encounter.

* The sector may be pressured to accept an excessive number of aircraft for
approach and departure at heavy traffic periods in the morning and the late
afternoon. In a high-workload sector, there may be as many as 10-15 aircraft at
one time.

* Weather can severely disrupt the traffic management plan that a controller
is trying to execute. A reported wind shear along one of the arrival strings shown
in Figure 2.3a can wreak havoc on the orderly flow. So can a runway that is
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suddenly closed or a sudden change in wind direction that will force a reversal of
the runway direction for arrivals and departures.

* Controllers may have to deal with aircraft flying under visual flight rules
(VFR) that are not communicating with them and that appear to be in a conflict-
ing path with controlled aircraft. Some of these aircraft may not be equipped
with a transponder, making it harder for the controllers to see them, since no data
tag will be generated.

» Pilots may not always carry out the instructions issued by the controller or
may carry them out differently from what was intended. They may fail to slow or
climb through an assigned flight level, thereby not only destroying the controller’s
careful tactical plan for flow, but also potentially creating a conflict situation with
other aircraft, drawing the controller’s attention away from other regions of the
sector.

Communications

The problems resulting from pilots’ occasional failures to comply reinforce
the importance of communications, which, along with the radar display and the
flight strips, represent the third critical element of controller interactions with the
environment. As with the tower controller, TRACON communications are highly
standardized and controllers are trained to deliver these in a clear, coherent fash-
ion, as well as to monitor pilot “readback” of the communications string to ensure
that it was correctly heard. However, such readback is not always accurate, and
controllers may sometimes fail to detect the inaccuracies (Monan, 1986:Chapter
5). Furthermore, a heavy workload may force the controller to speak more
rapidly than is optimal for pilot comprehension, particularly when longer strings
are required. Finally, communications back from the pilot to the controller may
be considerably less standardized than in the other direction, because there are far
more pilots than controllers, and their level of skills and fluency in the English
language are far more diverse.

As in the tower, communication between controllers in the TRACON is as
important as it is between controllers and pilots. Communications and coordina-
tion between controllers in adjacent sectors is critical when aircraft cross the
sector boundaries. This communications link is just as critical when aircraft
make the transition between the TRACON and the adjacent tower or en route
airspace.

The handoffs from one controller to another are typically accomplished by
the automated handoff, in which case a quick sequence of keyboard interaction
sends a message to the receiving controller, which gives the latter individual the
opportunity to accept, also with a keypress, once the controller feels that the
sector is ready to absorb the additional traffic. As in the tower, the handoff
process between facilities is also mediated by voice communications with the
pilot, as the appropriate frequency to contact the receiving controller is an-
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nounced. If for some reason an automated handoff cannot be made, then voice
communications are used.

The Environment

The TRACON environment is dark, an appearance dictated by the low con-
trast of the greenish-yellow blips of the primary radar on the dark screens. Its
level of activity (and number of people and amount of chatter) varies radically as
a function of the time of day. At busier times, more controllers handle progres-
sively smaller regions, as multiple sectors (which are combined in low-workload
periods) are pulled apart as traffic increases. Supervisors within the facility
coordinate the staffing in this dynamic fashion and may themselves step in to
assist a particularly busy sector as required. It is in part this flexibility of person-
nel assignment that allows the air traffic control system to respond adaptively to
such changing situations as weather and aircraft emergencies. Furthermore, at
some facilities, personnel may at times alternate between the TRACON and the
tower upstairs.

Equipment and Other Failures

The TRACON controller’s efforts to manage the orderly flow may occasion-
ally be disrupted by equipment failures. Sometimes these disruptions may pro-
duce only minor annoyances, as when a data tag for an individual aircraft is
temporarily lost. In such cases there is backup information on the flight strips,
which can replace the temporarily hidden data tags, and communications can be
initiated with the pilot to receive whatever information is necessary. More seri-
ous are the more severe breakdowns in the ARTS system, which may result when
extremely high traffic density exceeds the computer’s capacity. In such cases,
the system is designed to fail somewhat gracefully, so that the more powerful
automation options (e.g., the predictor algorithms) are lost before the data tags
are eliminated. And even in the absence of any information from the ARTS
computer, primary radar and flight strips will still allow some representation of
aircraft position. Equally serious, if not more so, are the rare losses of power and
communications. Although all of these catastrophic failures are rare, they are
nevertheless real possibilities that controllers must be prepared to handle.

Finally, there are nonequipment failures, such as a crash on a runway or a
lost primary radar contact, that have an equally serious need for sudden crisis
management, typically by following prepared procedures. The most generic
response of the TRACON system to failures of all kinds is to temporarily sacri-
fice efficiency and preserve safety at all costs—a goal that may well be met by
increasing the minimum separation boundaries, if radar resolution or communi-
cations ability is degraded, or by diverting aircraft to adjacent sectors or facilities.
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THE EN ROUTE CENTER

At the air route traffic control centers, also called en route centers, the con-
trollers primarily use radar information to provide guidance to aircraft flying
across the country. However, there are certain areas for which there is no radar
coverage; for these areas, nonradar procedures are used. The implications of this
are that the minimum spacing between aircraft must be quite large, sometimes
causing a loss of efficiency in traffic flow. Two major nonradar areas are the
oceanic areas of the Atlantic and the Pacific oceans, for whose control the New
York and the Oakland en route centers, respectively, are responsible. Oceanic
controllers rely on aircraft position and intent data provided by pilots. The
discussion of en route centers in this chapter focuses on operations for nonoceanic
flights.

Flights are guided along what is a generally orderly series of linear routes
across the sky at different flight levels. The linear paths are defined by naviga-
tional aids called VORs, each with a given name. Two crossing radials from a
VOR may define an intersection, designated by a pronounceable 5-letter code.
Generally eastbound flights travel at odd flight levels, and westbound flights at
even levels. In the United States, there are 21 centers that in 1994 handled a total
of 39,000,000 operations.

Like the TRACON controller, the en route controller must balance concerns
of expeditious flow against those of safety. However, the safety separation
standards are greater in en route: 5 miles or, depending on the aircraft’s altitude,
1,000 or 2,000 feet, rather than 3 miles, 1,000 feet. This increase in separation
standards is dictated jointly by the greater difficulty that the more distant radar
coverage has in establishing precise location, as well as by the faster speed of
travel. The effect of this greater separation on traffic flow is minimal, because
the density of traffic is considerably less than in the TRACON area.

Each en route center is also divided into a series of irregularly shaped sectors
that have both horizontal (lateral) and vertical boundaries. Adjacent controllers
may be working aircraft above or below one another. Also, a given sector may
overlay a TRACON space beneath. Each sector may be worked by a team of two
controllers: a radar position (R-side), whose primary responsibility is to monitor
the radar display and ensure separation, and a data position (D-side), whose
primary responsibility is to handle data and coordinate. During periods of low
traffic, a single controller may handle both responsibilities. When manned by
two controllers, however, communication between them is vital.

The Information: The En Route HOST Computer

Information for the en route controller is gathered from air route surveillance
radar and integrated with other information from the FDIO computer by the en
route automated system called the HOST. This is a software system, developed
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in the 1960s and currently “hosted” on hardware introduced in the 1980s. The
HOST provides flight data processing and radar data processing. Flight data
processing is the system that develops flight plans from information received
from automated flight service stations, controller input, and air carriers (dispatch-
ers) that have a direct link to the HOST for filing flight plans. Flight data
processing is interfaced with towers, TRACONS, sectors within the en route
centers, and with other en route centers so that flight plans can be automatically
sent.

As for the TRACON controller, the primary tool for the en route controller is
the radar display, called the plan view display, or PVD. The PVD is somewhat
different from the TRACON display in that it is a fully digitized display of
primary and secondary radar targets that are presented to the controller in sym-
bolic format from the IBM HOST computer radar data processor. Hence, what is
depicted is an intelligent estimate of the current location of each aircraft, based on
computer aggregation of returns from the air route surveillance radars located
within the en route center’s area. These returns are processed by the HOST
computer.

The Interface

Examining a typical PVD display in Figure 2.5, we see a pattern that bears
many similarities to the TRACON display. However, since the information
depicted is entirely digital (i.e., no raw radar returns), the operations can be
carried out in a more brightly illuminated environment; that is, there is no need to
present a light stroke on a dark background. More information is presented and a
set of equal-time cross-hatched lines behind the aircraft indicates its past trajec-
tory, providing a good representation of current heading and recent air speed.
The levels of automation here are similar to the TRACON, in terms of flight path
predictors, minimum safe altitude warnings, and conflict alerts.

Here, too, the flight strips remain an important part of the controller’s task.
However, because of the generally higher levels of automation and the digital
information available at all centers regarding flight activity of all aircraft, there
are now options to allow many of the manual operations of flight strip updating
and manipulation to also be carried out by computer. Communication also is
managed in very much the same way between TRACON and en route centers.

Traffic Management

The primary objective of the en route center is to maintain the expeditious
but regular delivery of an aircraft stream to the receiving TRACONS, providing
them as rapidly as they can be received (but ideally no faster, since this will
produce bottlenecks in the sky). To assist in this process, each center is equipped
with a traffic management unit that attempts to coordinate flow across the entire
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FIGURE 2.5 Plan view display: En route center. Source: Federal Aviation Administra-
tion.

area and may also coordinate with the air traffic control system command center
in Herndon, Virginia (discussed below), to accomplish this.

Individual controllers at their workstations monitor the ongoing flights of a
multitude of aircraft flying at various speeds and respond to pilot requests and
adjust to weather conditions by issuing instructions to alter air speeds, flight
levels, and (if necessary) headings, in order to maintain maximum but regular
flow. At the same time, the ever-vigilant monitoring for predicted conflicts is
ongoing. A well-organized, conflict-free flow through a sector can be suddenly
compromised by an aircraft that wishes to climb or descend to seek more favor-
able tail winds or to avoid turbulence; the winds themselves can have different
and unpredictable effects on the speed attainable by different types of aircraft.
Some flight path adjustments are therefore second-order ones, issued in response
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to projected conflicts that may themselves have developed following the granting
of a pilot request.

TRACON AND EN ROUTE: SIMILARITIES AND DIFFERENCES

In addition to the separate areas of airspace for which they are responsible,
there are certain other generic differences in the kind of tasks and traffic dealt
with by the TRACON and the en route controllers. These differences are best
characterized by the more continual changes in aircraft altitude experienced in
the TRACON, the greater frequency of flying by visual flight rules by aircraft in
the TRACON region (and greater variety of aircraft types), and the greater extent,
in the en route centers, to which control can be carried out strategically, through
the execution of longer-range plans, than tactically, in terms of resolving more
suddenly arising conflicts.

At the same time, as noted above, there are far more similarities than differ-
ences between the two operations, particularly as these translate into the human
factors issues that are discussed in this book. For example, the strategies and
tactics for failure management that are described for the TRACON are similar for
the two kinds of controllers. In the rest of the book, we often speak generically
about controllers, referring to those that occupy both kinds of facilities.

One final common feature that characterizes the tasks of controllers at all
levels is the nature of changes in work shifts. The impact of the specific shifts
(day or night) during which controllers work is addressed in Chapter 6. We note
here the critical importance of shift or station changes, when one controller
assumes the duties of another at a station. In these circumstances, the traffic
situation must be accurately understood by the replacing controller: Who is
where in the sky or on the ground? What actions are pending? What conflicts
may be forecast in the distant future but are not yet sufficiently imminent to
warrant corrective action? Data show that this period, the first minutes following
a new time on position, is one in which errors are more likely to occur (Cheaney
and Billings, 1981).

CENTRAL FLOW CONTROL

Metering the number of aircraft in the national airspace on a daily basis is an
important task. Flow control is designed to meet user needs to the best ability of
the system—that is, to ensure that the national airspace system accepts the maxi-
mum number of aircraft yet maintains high levels of safety. Factors that affect
flow control are the physical structures of airports, including runway and taxiway
availability; the number of arrivals and departures that can be operated safely in
a given hour; controller equipment status, including what equipment has failed
that reduces their capability to handle workload; the status of the national air-
space system equipment; emergency situations; and the main factor, weather.
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The Air Traffic Control System Command Center, located in Virginia near
Dulles Airport, is responsible for the management of traffic throughout the air
traffic control system. This facility, in conjunction with traffic management units
at each of the en route centers and some designated TRACONSs and towers,
establishes the daily traffic flows into and out of 28 major airports based on all
the factors listed above. En route centers also provide flow control within their
airspace to ensure that sectors do not become saturated.

Flow control is dynamic, and the flows may change on a minute by minute
basis. The primary method for ensuring that the traffic is metered is to hold
aircraft on the ground and release them into the system at intervals so that they
can be sequenced into the approach without further delay when they reach their
destination. Airborne holding is another method and is being used on a limited
basis (fuel costs being the limiting factor). Both methods have pros and cons for
the commercial airline industry. Holding on the ground saves fuel costs and
usually ensures no delay at the destination but has an effect on the customer and
airline competition. Airborne holding costs more in fuel, presents greater safety
hazards, and creates more workload for the controllers, but it ensures that when
an approach slot is available there is an aircraft there to take it, thus making the
best use of airspace for meeting demand.

Flow controllers at the local facilities, called traffic management coordina-
tors, primarily utilize the HOST system to tell them where the traffic is located
and at what time it is expected to affect the airport. The HOST is supplemented
by a system called aircraft situation display, which uses a computer to present a
picture of all the airborne aircraft in the country at any time. The display gets its
information from the HOST by data link through a computer located at Cam-
bridge, Massachusetts. This system is very helpful to the en route centers’ traffic
management units in determining when a sector will become busy and where to
reroute traffic to keep workload efficiencies at a maximum.

The working day for flow control starts very early in the morning, when the
daily plans of operations are formulated by two organizations. First, dispatchers
at the airline operations centers of the major airlines arrange the daily plan of
flights to and from the major hubs. The other organization is at the central flow
control center at Herndon, Virginia, where each morning a national plan for
traffic flow is developed, taking into consideration issues like weather, which
may restrict flow to certain regions, and critical events like the Super Bowl,
which may create bottlenecks in certain areas.

As the national airspace increases its activities and flights begin departing in
the East, then the Midwest, and then the West, air traffic control is distributed to
the facilities (TRACONSs and en route centers). Minor traffic bottlenecks and
buildups are addressed by distributed local negotiations between adjacent facili-
ties via their traffic management coordinators. If a TRACON is temporarily
saturated, controllers there will coordinate with one or more of the feeding en
route centers to slow down the delivery of aircraft. Similar local negotiations
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FIGURE 2.6 Central flow control aircraft situation display. Source: Federal Aviation
Administration.

may be carried out between adjacent centers, just as they also take place between
adjacent sectors within a facility. Central flow control at the command center
continues to actively monitor the biggest picture via the aircraft situation display
(ASD) (Figure 2.6). Occasionally it becomes actively involved in implementing
ground holds or managing the flow of traffic to and from international destina-
tions, but by and large the philosophy is a fairly hands-off one, to allow local
solutions to be achieved within the facilities, unless problems develop that they
cannot handle.

Such problems may be of two sorts: first, there may be anticipated problems
such as the gradual buildup of traffic in a region, a buildup that may need to be
addressed by three or more facilities (TRACONSs and en route centers), making
achievement of a solution difficult with a single phone call. Second, there may be
truly abrupt or catastrophic failures in the system, as when severe weather closes
an airport or a power outage at some major facilities drastically degrades the
ability to monitor traffic position.

In these infrequent instances, central flow central must “jump into the loop”
as an active participant in control (Huey and Wickens, 1993), suddenly utilizing
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the full situation awareness that has been maintained during the previous routine
period to rapidly implement strategic adjustments to traffic plans. (The analogy
with situation awareness of the individual operator is apparent.) Such crisis
negotiation is accomplished by extensive vocal communications over phone lines
to facility traffic management units and to airline dispatchers. Such verbal nego-
tiations may well be supported by the spatial display of national flow available to
flow control managers at the facilities as well as at central flow control.

The response of the national flow system has in the past worked well. No
accidents, for example, have ever resulted from the catastrophic impacts on the
flow control system of severe events like power loss or runway closure. The
system typically responds adaptively to minimize the consequences of out-of-
the-ordinary situations such as power outages, severe weather, and communica-
tion failures by increasing the amount of voice communications and separation
margins whenever possible. However, it is important to ask: (1) how the re-
sponse might vary if human-human communications are replaced by human-
automation communications and (2) how such a response would be made more
vulnerable in an airspace that is far more densely populated than at present, a
density that is intended to be the direct result of the increased flow capacity made
available by the same automation.

FLIGHT SERVICE STATIONS

The air traffic controller specialists in the flight service stations provide a
myriad of services, primarily to general aviation pilots. The services provided
are flight plan filing, preflight and en route weather briefings that include the
status of navigational aids, airport conditions reports, search and rescue opera-
tions, assistance to lost or disoriented aircraft pilots, provision of instrumental
flight rule and special visual flight rule clearances, soliciting pilot reports on
flying conditions, and providing special services such as customs and immigra-
tion notification.

Pilots can receive these services by visiting a flight service station, by tele-
phone, or through air-to-ground communications. In 1994 there were 131 flight
service stations, of which 60 are automated. Current congressional plans call for
reducing the total number of facilities providing flight services to 61.

The automated system, called Model I Full Capacity, is a 1970s-era weather
and flight notification distribution system. In the early 1980s it replaced a leased
weather display and teletype system. The system interfaces with the national
airspace data interchange network communication system and the en route cen-
ters” HOST system. It has reduced the workload of flight service station control-
lers and provides for a much quicker briefing to pilots, but it leaves much to be
desired in terms of functionality and basic human factors engineering.

The typical automated flight service station contains the following opera-
tional positions: preflight weather briefing, inflight, flight data/notice to airmen,
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weather observer, and area supervisor. At designated stations, specially trained
controllers provide en route flight advisory services—that is, timely and pertinent
weather data tailored to specific altitudes and routes using the most current avail-
able sources of aviation meteorological information. These specialists are in
constant communication with the National Weather Service’s meteorologists at
its field offices and center weather service units.

A modernization program began in the late 1970s. Its purpose was to achieve
equal or improved service to the user, while reducing personnel and maintenance
requirements through the consolidation of 317 manual stations into 61 stations
with modern automation tools. The program has been successful to some degree,
but it has created many issues at locations where an old facility has been closed or
is projected to close. Users have been concerned that they would not receive the
same level of service, especially at remote locations—Alaska is a good example.
Walk-in services for many pilots were out of the question; some stations were not
even accessible from the airport. As a result, business is sometimes done entirely
by telephone. The primary concern has been that, with fewer stations, the auto-
mated flight service station air traffic controllers would be busy on the telephone
and users would be delayed in getting service. To offload some of this unmet
demand, the FAA implemented several broadcast programs provided by private
contractors to distribute weather information. For example, the DUATS program
provided contract awards to two companies to provide free access to on-line
computer services for weather information and flight plan filing.

The consolidation process has been delayed for over a decade and has been
subject to political pressure. The key issue is the downsizing and relocation of
controllers from the closing stations to the now-centralized ones. Communities
were solicited to bid for station sites, and the selections were driven by their cost
to the government. Subsequently, some automated flight service stations were
located in areas that are difficult to staff.

The National Association of Air Traffic Specialists is the bargaining unit
representing the nonmanagement flight service station specialists. They have
accepted the new concept but have been very concerned about the relocation of
positions and the loss of jobs.

SUMMARY

Controllers work in three types of air traffic control facility: the tower, the
terminal radar approach control (TRACON), and the en route center. The air
traffic control organization, called Air Traffic Services, manages all of these
facilities. This organization is responsible for formulating plans and require-
ments for future operations as well as evaluating and analyzing current opera-
tions. Division managers at the nine regions manage the air traffic control activi-
ties in their region. These regional administrators are supervised by the director
of Air Traffic Services.
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Controllers in all types of air traffic control facility develop strategic plans
for traffic flow, monitor these plans with visual inputs to update the big picture of
the traffic flow, and communicate with pilots and other controllers to ensure
continued safety and efficiency. Controllers in the towers depend heavily on
direct visual sightings of traffic at the airport, while those in the TRACON and en
route environments are supported by computer-based, partially automated radar
displays. The level of automation varies from facility to facility. Controllers
depend on paper flight strips to represent the progress and special status of
individual aircraft as they pass through the controller’s sector of the airspace. All
controllers must be prepared to deal with unanticipated events—for example,
equipment failure, weather emergency, or pilot noncompliance with instruc-
tions—in a flexible manner that preserves safety even if it temporarily disrupts
efficiency.

Although controllers in any of the three basic positions—tower, TRACON,
or en route center—share many competencies, there are important differences
among their tasks. Furthermore, there are differences between sites that perform
the same functions and even within a site from sector to sector. Anecdotal
evidence suggests that each site is likely to have its own culture, composed of
shared beliefs among a particular set of operating personnel.

Ideally, the introduction of new technology into a large organization would
be uniform throughout all its branches. Such uniformity of implementation is
particularly difficult in the air traffic control environment because of the facility-
specific culture and task environment. Furthermore, it has not been possible to
create a common training or job performance evaluation program that covers all
air traffic control specialists because of the local variation in job requirements.
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Performance Assessment,
Selection, and Training

Tle loss of half of the controller work-
force from the 1981 strike placed significant pressure on the FAA to maintain
continued high levels of performance with the influx of large numbers of new
trainees who had little or no experience in performing air traffic control tasks.
During the 1980s, in order to meet staffing demands, the FAA hired between
1,800 and 3,400 applicants a year as air traffic control specialist trainees. Al-
though personnel researchers and managers had been working on performance
appraisal, selection, and training programs over the years, the need for focused
and efficient efforts in these areas became critical as applications from inexperi-
enced individuals flooded into the government’s Office of Personnel Manage-
ment. For example, after the strike, approximately 67 percent of those hired as
air traffic controllers had no prior experience in aviation, compared with 30
percent prior to the strike. Other differences are that the post-strike groups had
slightly more formal education beyond high school and included slightly fewer
minorities. As stated by Manning et al. (1988:1):

The continued safety of the NAS [national airspace] requires that ATCSs [air
traffic control specialists] be carefully selected and trained. Each candidate for
the occupation is continually evaluated, from an initial aptitude selection test
battery through grueling performance-based screening at the FAA Academy,
and finally in on-the-job training, conducted at the assigned facility. Because
of the safety-related, critical aspects of the job, identifying and screening for
characteristics in individuals that will predict success in air traffic control is
especially important. In fact, research has demonstrated that not all individuals
have aptitudes required to perform the duties required of an ATCS.

54
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All entry-level employees attend the FAA Air Traffic Control Academy in
Oklahoma City for initial training in their respective type of facility (tower,
TRACON, en route, field service station).! Air traffic control specialists are
certified at one of two different levels of training. Developmental controllers are
in apprenticeship positions and are learning skills both on the job, under the
observation of more skilled controllers, and in periodic training sessions within
the facility. Full-performance-level controllers are fully certified and well trained
for their tasks. Many of them engage in the training of developmental control-
lers.

The objective of personnel selection and training is to produce successful
controllers in the most cost-effective manner, cost being the expenditure of both
money and time. Several methodological questions bear on reaching this objec-
tive. The key questions include:

* What criteria is the selection system designed to predict—performance on
the job? Performance in training?

* What measures are used to define performance and how are they ob-
tained?

* What cognitive and perceptual factors are related to effective perfor-
mance on the job?

* How well do selection instruments measure the appropriate cognitive,
perceptual, and personality factors? How well do selection instruments predict
performance in training and on the job?

* How effective are various training programs both at the Air Traffic Con-
trol Academy and in the field in producing full-performance-level controllers?
What are the attrition rates at various phases?

Performance criteria are used by researchers to define the level of effective-
ness to be achieved by personnel. Selection is based on the definition of the
abilities that candidates need to achieve good job performance, and training is the
activity by which individuals are taught specific aspects of the job. Without good
measures of job performance, it is difficult to develop effective selection and
training programs. Although it appears that the basic abilities needed by control-
lers have not changed over the years, they have had to undergo new training in
response to the introduction of new equipment and procedures. With additional
automation on the ways, it is possible that changes will take place in both the array
of capabilities and the attitudes needed by candidate controllers, in the ways in

1Exceptions to this policy are made when an employee has had other training or experience that
satisfies the requirements, such as attending certain private schools that specialize in air traffic
control training or certain military air traffic control training, or working as a controller prior to the
1981 strike.
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which these capabilities and attributes are refined by training, and perhaps in the
ways in which controller performance is assessed.

This chapter discusses the historical development and current status of per-
formance assessment, selection, and training of individual air traffic controllers
and how these programs might change as more control functions are automated.
Team training is discussed in Chapter 7.

PERFORMANCE ASSESSMENT

Our discussion of performance assessment is divided into two sections. The
first section deals with the practices and issues surrounding the evaluation of
controllers for the purposes of determining success in on-the-job training, effec-
tiveness in job task performance, and eligibility for salary increases and promo-
tion. The second section concerns the development of job performance measures
for use as criteria in personnel selection research studies. Each section presents
measurement issues and complexities.

Performance Assessment for Management Decision Making

Full-performance-level air traffic control specialists are responsible for the
safe and efficient flow of aircraft through the airspace and the ground space they
control. A variety of methods are used to evaluate the performance of these
specialists, including real-time monitoring on the job, specially designed simula-
tion exercises, checklists, and annual written performance appraisals. Real-time
monitoring on the job provides immediate detection of violations in standards for
aircraft separation and other errors. These data can be used to make immediate
decisions about the controller’s work status and the need for additional training.
Checklists and written reviews are used once or twice a year to provide general
technical assessments. In en route centers, dynamic simulations are employed
extensively for training and skill assessment of developmental controllers.

The most widely used method of technical performance assessment has his-
torically involved immediate supervisors observing controllers at work and com-
pleting a checklist (Table 3.1 is an example) indicating the level of performance
in each general task area (e.g., maintaining separation, communication). Until
1993, supervisors conducted 40-minute, over-the-shoulder evaluations of this
type twice a year. In 1993 the over-the-shoulder program was deemed inad-
equate and, in 1994, work began on a new assessment program called the opera-
tional assessment program. The proposed new program, still in draft form, is
planned to assess each controller’s technical performance on an ongoing basis in
the areas of separation standards application, communications, position/sector
management, equipment operation, and customer service delivery. The proposed
program calls for quarterly assessments and includes a summary of the
supervisor’s evaluation of the controller’s strengths and weaknesses. Stein and
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TABLE 3.1 Performance Checklist

Job Function Category Job Function
Separation 1. Separation is ensured.

2. Safety alerts are provided.
Control Judgment 3. Awareness is maintained

4. Good control judgment is applied.

5. Control actions are correctly planned.

6.  Positive control is provided
Methods and Procedures 7.  Prompt action to correct errors is taken.

8.  Effective traffic flow is maintained.

9.  Aircraft identity is maintained.

10.  Strip posting is complete/correct.

11.  Clearance delivery is complete/correct/timely.

12.  LOA’s/Directives are adhered to.

13.  Provides general control information.

14.  Rapidly recovers from equipment failures and

emergencies.

15.  Visual scanning is accomplished.

16.  Effective working speed is maintained.

17.  Traffic advisories are provided.
Equipment 18.  Equipment status information is maintained.

19.  Computer entries are complete/correct.

20.  Equipment capabilities utilized/understood.
Communication/Coordination 21.  Required coordinations are performed.

22.  Cooperative, professional manner is maintained.

23.  Communication is clear and concise.

24.  Uses prescribed phraseology.

25.  Makes only necessary transmissions.

26.  Uses appropriate communications method.

27.  Relief briefings are complete and accurate.

NOTE: A 3-point scale is used to rate the job functions: (1) satisfactory, (2) needs improvement,
and (3) unsatisfactory.

SOURCE: Wing and Manning (1991).

Sollenberger (1996) have been working on a performance measurement checklist
based on psychometric measurement principles.

Checklists are also used to evaluate controller candidates who are undergo-
ing on-the-job training to become full-performance-level controllers. These
evaluations are completed daily by the assigned instructors and monthly by their
supervisor. The results are used to diagnose areas in which additional training is
needed and to determine when the developmental controller is ready for certifica-
tion. Further detail on training and the assessment of trainees as they move
through the various stages of the program appears later in this chapter.

In addition to these checklist evaluations, supervisor-prepared annual written
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performance appraisals are given to both full-performance-level controllers and
those still in training, the developmentals. According to an FAA memorandum
of understanding on performance assessment (April 1994), each controller re-
ceives a mid-appraisal progress review as part of the process. Annual ratings
have three levels: exceeds standards, fully successful, unacceptable; they are
assigned to various performance elements, including operating methods and pro-
cedures, communications, and training. Although the ratings are not anchored
with specific behavioral examples at the three category levels, some examples are
provided for performance that exceeds the standard. Final ratings are based on
weighting the elements (different weights are used for full-performance-level and
developmental controllers). The results of the annual performance assessment
are used in making decisions about promotions and salary increases.

Relying on performance appraisal systems based on supervisor judgment has
been a long-time concern of many private and public organizations, particularly
with regard to the validity and reliability of the assessment instruments. How-
ever, according to the Research Council’s Committee on Performance Appraisal
for Merit Pay (Milkovich and Wigdor, 1991), the extensive research literature in
this area does not provide strong guidance in choosing a performance appraisal
system. The committee found mixed results regarding the advantage of job-
specific ratings over global ratings. Moreover, although some researchers be-
lieve that scales based on job analyses and behavioral examples are advantageous
in providing employees with constructive feedback, the committee found no clear
evidence that behaviorally anchored scales are superior to other scale formats in
informing the decision-making process.

The use of objective measures to supplement supervisor judgment is most
effective in assessing performance for jobs in which the tasks can be quantified.
To some extent, the job of the air traffic control specialist provides such an
opportunity. However, the problem has been that job analyses have shown wide
variation in the specific content of the job depending on the type and level of
facility to which the controller is assigned (Hedge et al., 1993). Not only is it true
that controllers working in terminals perform different tasks from controllers
working in en route centers, and that controllers in facilities with low-volume
traffic have different job requirements from controllers in facilities with high-
volume traffic, but also each controller’s job is tied to a specific air or ground area
or sector that has a unique set of features with which the controller must be
extremely conversant in order to perform effectively. Indeed, there is evidence
that knowledge of the specific airspace features around a facility is one of the
most critical aspects of controller expertise (Redding et al., 1992). Because of
these task variations and constraints, it has not been possible to develop a uniform
performance test or set of tests that would fairly measure controllers’ perfor-
mance across the board. A more detailed discussion of the controllers’ cognitive
tasks and mental models can be found in Chapter 5.

Over the years, however, some attempts have been made to address these
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issues by creating simulated scenarios in a generic airspace. The use of simula-
tion for assessment of air traffic controllers was first proposed in a study by
Buckley and his colleagues in 1969. In this study, high-fidelity simulations of
different traffic configurations in a generic airspace were used to measure indi-
vidual differences is en route air traffic controller performance. In 1983, Buckley
et al. extended this work and identified four important and independent catego-
ries for scoring controller performance across different sector geometries and
traffic densities:

e Confliction: number and duration of conflicts,

* Occupancy: time and distance flown under control,

* Communication: number and duration of ground-to-air communications,
and

e Delay: number and duration of delays.

Although there is a great deal of merit in the approach proposed by Buckley
et al. (1983), the argument against using generic exercises has been twofold
(Borman et al., 1992; Hedge et al., 1993). First, becoming proficient in a new
sector takes time, and, second, being tested has required going to a central loca-
tion. Although it is possible that such an approach may be useful in developing
performance criteria for selection, given the current technology, it does not ap-
pear workable as a performance measure to be used in making decisions about the
future job responsibilities or salary levels of full-performance-level controllers.

A further complication in using generic simulated exercises for the evalua-
tion of full-performance-level controllers is the difficulty in obtaining reliable
measures unless traffic densities are higher than the busiest live traffic in any
sector (Buckley et al., 1969). As a result, the generic simulation is not an accu-
rate test of performance requirements in the workplace. In this regard, it is of
interest to note that, with current live traffic loads, the base rate of operational
errors reported in one year is extremely low—there are approximately 800 errors
spread across more than 15,000 active controllers generating about 3 billion
opportunities for error (Hedge et al., 1993). It should be noted that reported
errors represent the lower bound, since many of the minor errors go unreported.

According to reports from the field, simulation exercises incorporating local
features are currently used in en route centers and TRACONS to measure con-
troller technical performance; however, most of these simulations are designed
for training and testing developmental controllers or for upgrading the skills of
full-performance-level controllers, using sector features with which the control-
lers are familiar, rather than for evaluation of job performance.
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Performance in Training

Criterion measures used to date for the selection of air traffic control special-
ists have not been based on data collected on representative work samples of full-
performance-level controllers; instead, they have been derived from the perfor-
mance of developmental controllers during different stages of training (Hedge et
al., 1993). Researchers at the Civil Aeromedical Institute have used a variety of
measures that are based on weighted combinations of scores from written and
simulated training exercises and from the time required in hours, days, and months
for a developmental controller to move through each stage of on-the-job training
and reach certification as a full-performance-level controller (Manning et al.,
1988, 1989). The measures for training time for various stages of on-the-job
training have been calculated separately for tower, TRACON, and en route facili-
ties. Success rates at different training stages have also been calculated. For
purposes of analysis, those who do not succeed are classified in the following
categories: remaining in the same type of facility as a developmental but trans-
ferring to a lower-level facility, switching options (e.g., en route to tower), and
separating from the air traffic control specialist occupation (Manning et al., 1989).
All of these data are available through the training tracking system established by
the researchers at the Civil Aeromedical Institute.

In an article discussing progress toward developing criterion measures for air
traffic control specialist performance, Hedge et al. (1993) show the various crite-
rion measures that have been used and their intercorrelations. These measures
are classified in the three areas of field training performance that include training
time and subjective performance ratings by instructors; experimental measures of
job performance such as high- and low-fidelity task simulation studies (Buckley
et al. 1969, 1983) and job performance ratings; and operational job performance
ratings used for decisions about salary increases and promotions. Figure 3.1,
taken from Hedge et al. (1993), summarizes the results of studies examining the
relationships among these criterion measures. Among the experimental mea-
sures, the most highly correlated are supervisor general and specific ratings (.86),
performance on low-fidelity videotape simulations and peer nominations (.70),
performance on high-fidelity simulations and over-the-shoulder ratings (.60), and
specific supervisor ratings and specific peer ratings (.59). The strongest relation-
ship between experimental and operational performance measures was between
peer nominations and supervisor annual ratings (.56).

Performance on Job Tasks

Because good job performance is the ultimate goal of selection, it is gener-
ally acknowledged (Wigdor and Green, 1991) that selection variables should be
linked to measures of operational job performance rather than to measures of
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training performance. As noted above, in the domain of air traffic control, the
most frequently used measures of job performance are supervisor ratings. What
is recommended (Wing and Manning, 1991) is collecting data on full-perfor-
mance-level controllers who are performing a representative set of work tasks.
The precedent for such an effort is the Job Performance Measurement project, a
Department of Defense project begun in 1980 to develop robust measures of
performance in entry-level military jobs so that, for the first time, military enlist-
ment standards could be linked to performance on the job (Wigdor and Green,
1991). The impetus for the project was the need to establish the credibility of
military selection procedures after technical errors in computing test scores were
discovered. The goal was to determine how well the Armed Services Vocational
Aptitude Test Battery was able to predict performance on high-fidelity measures
of job performance. Prior to this 10-year study, training performance had been
used as the primary criterion measure.

Throughout its development, the Job Performance Measurement project ad-
dressed many important methodological issues that apply directly to the develop-
ment of hands-on job performance measures for air traffic control. Among these
are: (1) identifying and selecting representative tasks as work samples; (2) devel-
oping performance measures and establishing criteria for what is to be considered
as effective performance (what the full-performance-level controller does on the
job and what he or she can do as demonstrated by simulation exercises); and (3)
creating a comprehensive data collection plan.

The separation and control hiring assessment (SACHA) program is an effort
currently being undertaken at the FAA to develop a selection system that predicts
performance of air traffic control specialists at work. It is anticipated that perfor-
mance will be measured though work samples, behavioral ratings, and time re-
quired to achieve proficiency on different aspects of the controller’s job.

A critical part of this work, which draws directly on the experience gained in
the Job Performance Measurement project (Wigdor and Green, 1991), is the
development of job performance criteria based on hands-on tests. As noted
above and discussed in Chapter 5 on controller cognitive tasks, there are several
complexities associated with developing a representative set of work samples for
test purposes. Key among these are the variability in controller jobs and the
differences in the sectors being controlled. However, based on a task analysis of
controllers in towers, TRACONS, en route centers, and flight service stations,
there appears, at the broad level of job duties and worker requirements, to be
some commonality among the first three positions (Nickels et al., 1995). Job
duties and responsibilities are grouped in the following categories:

* Perform situation monitoring,

¢ Resolve aircraft conflicts,

* Control aircraft or vehicle ground movement,
* Manage air traffic sequences,
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* Route/plan flights—manage airspace,

* Assess weather impact,

* Respond to emergencies and conduct emergency communications,
* Manage sector or position resources,

* Respond to system or equipment degradation, and

* Multitasking.

At the present time, FAA researchers and contractors are working from the
results of the task analysis to develop simulation scenarios that can be used to test
the core technical skills of full-performance-level controllers. These scenarios
will probably use generic sectors that must be learned by controllers in the crite-
rion sample. It is anticipated that training on the generic sectors may require
three or four days. Performance testing is expected to require two to four hours.
The development of both high- and low-fidelity simulations is under consider-
ation.

To supplement the data from work samples, FAA staff members working on
the program are also developing a series of behaviorally anchored rating scales to
be used as criteria in the selection system. Initial effort in preparing written
examples of different levels of behavior in various categories was accomplished
in workshops attended by subject matter experts in air traffic control. To date
definitions and performance examples have been developed for the following
categories: coordinating, communicating and informing, maintaining attention
and vigilance, managing multiple tasks, prioritizing, technical knowledge, main-
taining safe and efficient air traffic flow, reacting to stress, teamwork, and adapt-
ability/flexibility. When complete, these scales will be used to assess the perfor-
mance of a representative set of full-performance-level controllers.

SELECTION

The goal of any personnel selection system is to accurately identify appli-
cants who will be successful in performing the job. For over 50 years, research-
ers have been working on developing effective selection tests for air traffic con-
trol specialists (Sells et al., 1984). As stated in the previous section, the criterion
used in determining the validity of these tests for predicting success in the work-
place has been performance in training (Sells et al., 1984; Manning et al., 1989).
What follows is a brief history of selection research in the FAA. Underlying all
this research is the use of task analysis techniques to identify the critical charac-
teristics of the air traffic control specialist’s job and the abilities needed to per-
form the job effectively. It is important to note that all selection tools and
procedures have been tested to determine if they have an adverse impact on
minorities, as defined by the Uniform Guidelines for Employee Selection Proce-
dures established in 1978. In cases in which an adverse impact was found, the
necessary adjustments were made (Manning et al., 1988).
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Screening for Cognitive Abilities

Selection research in the 1950s involved a number of studies using commer-
cial aptitude tests to predict performance in controller training programs. The
results of this research led in 1962 to the first Civil Service Commission test
battery for selecting air traffic control specialists. This battery, which contained
a series of tests on arithmetic reasoning, spatial relations, abstract reasoning, and
air traffic control problems, was used for 20 years. In 1981, approximately 2
months after the strike, a new selection battery developed by the Office of Per-
sonnel Management (OPM) was implemented as a first-stage selection screen.
The OPM battery consists of three tests: the multiplex controller aptitude test
(MCAT), the abstract reasoning test (ABSR), and the occupational knowledge
test (OKT). The current version of the MCAT includes paper-and-pencil simula-
tions of activities required for controlling air traffic; several of the items portray
situations that may result in aircraft conflicts, whereas others require time dis-
tance computations and manipulations of spatial relationships. An air route map
showing allowable flights paths is provided (see Figure 3.2 for example). The
ABSR is a 50-item test assessing the ability of applicants to infer relationships
between symbols. The OKT contains items in seven knowledge areas related to
controlling air traffic. Based on early experimental administrations of the OKT,
Lewis (1978) found that the test was a better predictor of success in second-stage
screening than self-reports of prior experience.

A weighted average of the MCAT (80 percent) and the ABSR (20 percent) is
used for the initial qualifying score; any applicant who receives a score of less
than 70 is eliminated from the candidate pool. Those with scores of 70 and above
can improve their total by the results of the OKT and by points assigned for
veteran preference. The combined total score is referred to as the rating.

Because of the historically high percentage of candidates failing to complete
training and become full-performance-level controllers (approximately 44 per-
cent in en route centers), in 1976 Congress recommended that a standardized,
centralized program be put in place at the Air Traffic Control Academy. The goal
was to put in a second-stage screen that would weed out the candidates who were
less likely to succeed in field training. As a result, two nine-week programs were
developed: one to screen candidates initially selected for the en route option and
the other for candidates in training for tower positions (including TRACONS). In
1985 the two programs were combined into a single screen, and assignment of
candidates to options occurred after the screen was completed (i.e., all candidates
were screened and then assigned to positions). This second-stage screen, which
combines selection and training for candidates with no prior experience, contains
a set of nonradar-based air traffic control principles and rules and presents a
series of laboratory simulation exercises to test the application of the principles.
The laboratory exercises are standardized, timed scenarios that are graded. These
exercise grades are combined with written knowledge and skills tests to calculate
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Aircraft Altitude Speed Route . N

10 7,000 480 AGKHC 70 W% E A

20 7,000 480 BGJE S 10

30 7,000 240 AGJE

40 6,500 240 CHKJF

50 6,500 240 DIKGB

60 8,000 480 DIKJE

70 8,000 480 FJKID

Sample Question

Which aircraft will conflict?

A. 60 and 70 (|)_‘|1_f|3_1|2
B. 40 and 70 Mileage Scale

C. 20and 30
D. None of these

FIGURE 3.2 Sample information from the Multiplex Controller Aptitude Test. Source:
Federal Aviation Administration (1995).

a composite performance score that determines whether the candidate passes or
fails the screen.

In 1989, Manning et al. examined the degree to which performance on these
first- and second-stage selection and screening tests predicted success in training.
The data for this study included: (1) field training performance measures for
3,185 en route and 1,740 terminal developmentals and (2) baseline data on
125,000 applicants who took the OPM selection battery as well as over 9,000
entrants to Academy programs. All correlations reported in this study were
corrected for restriction in range. The mean score of Academy entrants on the
MCAT was 90, and the mean overall selection rating was 91.6. Candidate perfor-
mance scores in the Academy nine-week screen were consistently higher for the
academic portions of the course than for simulated laboratory exercises; scores
on these two parts were combined to obtain a composite performance score.

The first analysis in this study was designed to determine how well the
scores on the OPM tests predicted success in the nine-week Academy screen.
The results show corrected correlations of .55 between the MCAT and the com-
posite performance score of en route trainees in the nine-week Academy screen
and .58 between overall selection rating (MCAT + ABSR + OKT + veterans
points) and the composite performance of en route trainees in the Academy
screen. For terminal trainees the correlations were slightly lower (.48 for the
MCAT and composite performance score in the Academy screen and .52 for
overall selection rating and composite performance).

The second analysis examined the strength of the relationship between each
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of the two screens (OPM and Academy) and the time required for a controller to
reach full-performance level. Again, all correlations were corrected for restric-
tion in range. Among the OPM tests, the MCAT is the best predictor of time to
complete the phases of field training and reach full-performance level for en
route controllers (-.26), whereas the OKT is the best predictor of time for VFR
tower and TRACON controllers to reach full-performance level (—.21 and —.16,
respectively). For the Academy screen, the best predictor of time to reach full-
performance level for all three positions was the composite performance score
(en route, —.36; tower, —.42; TRACON -.24). In general, the results suggest that
both the OPM test and the nine-week Academy screen are useful predictors of
training performance as measured by time required to reach the full-performance
level.

In another study, Manning et al. (1988) compared the attrition rates in field
training before and after the introduction of the common Academy screen. They
reported that, prior to the introduction of the screen, 38 percent of those in field
training left the agency; after introduction of the screen, the field loss rate was cut
to 10 percent. Even with this level of effectiveness in refining the population of
candidates entering field training, it was felt that the nine-week screening pro-
gram was too expensive and time-consuming. The FAA’s policy was to hire
candidates and pay them as employees while they attended the nine-week screen
regardless of whether they passed the screen and continued on to field training.
Another consideration in reducing the screen time was a desire to minimize the
disruption in the lives of those who failed to complete the screen, particularly
with regard to pursuing other employment opportunities.

The approach to this problem was to ask researchers at the Civil Aeromedi-
cal Institute to develop a shorter, more efficient screen to replace the nine-week
course. The result was a one-week computer-based pretraining, preemployment
screen that includes tests designed around the abilities and aptitudes identified for
effective performance of air traffic control specialist tasks (Weltin et al., 1992;
Broach and Brecht-Clark, 1994). The major categories of aptitudes examined
include sensory/perceptual, spatial working memory, verbal working memory,
long-term memory, and attention allocation. The tests designed to assess the
attributes are described in detail by Weltin et al. (1992). One test, the air traffic
scenario test, provides a low-fidelity dynamic simulated work sample; the other
two tests measure various cognitive abilities. Essentially, the candidates practice
with the computer tests for 3.5 days and then are tested with a series of exercises.

In 1991 a concurrent validation study was conducted to compare the power
of the one-week pretraining screen with the nine-week screen to predict training
performance (Wetlin et al., 1992; Broach and Brecht-Clark, 1994). In this study,
training performance was defined as a combination of field training times and
scores in the radar course. Although the relationship appears weak, the results
showed that the new one-week screen was slightly better in predicting training
performance (according to the above definition) than the nine-week screen. The
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corrected correlations were .25 and .21, respectively. In 1992 the one-week
screen replaced the nine-week screen. Currently, however, the one-week screen
is not being used because it was not validated against performance on the job. As
the new selection system proposed under the FAA SACHA program is devel-
oped, it is planned to incorporate new versions of these computer-based tests.

Biographical and Personality Characteristics

Other variables involved in selection research include (1) biographical data,
such as high school performance, age, and prior air traffic experience (Collins et
al., 1990) and (2) personality characteristics, such as openness to experience,
extroversion, agreeableness, conscientiousness, anxiety, curiosity, and tendency
to anger (Schroeder et al., 1993; Nye and Collins, 1991). Personality character-
istics of air traffic control s