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Preface

This book has two main objectives. First, to serve as a training tool for a graduate-
level course in aviation psychology or more generally in engineering psychology.
In aviation psychology, aviation is the domain of interest; in the engineering psy-
chology, aviation serves as a context on which psychological principles are
applied. The book aims at introducing psychological principles and research that
are important in aviation; however, principles such as that of human perceptual
and attentional capabilities and limitations can certainly be applied to contexts
other than aviation. Second, we hope the research findings and applications in
aviation psychology presented will be interesting and useful to academic
researchers as well as professionals from the industry and government.

Chapters are arranged by important topics in aviation psychology, but they are
by no means the only important topics. Given that selection is necessary, our
focus is on the pilot in the cockpit (as opposed to the entire aviation system). The
impact of technology on piloting and the strategies and approaches aviation psy-
chology as a field can take to meet this ever-changing challenge in the future is
another underlying theme.

Our goal is to present state-of-the-art knowledge in the various topics chosen
for the book. To this end, we invited experts to author chapters in the area of their
expertise. One concern was how the chapters might come together as a coherent

xvii



xviii PREFACE

treatment of the selected scope of the field; we think that the readers will find
minimum redundancy across chapters and the many cross-references between
chapters will illustrate how the various topics are interrelated. While the order of
the chapters makes sense to us, we do not think it necessary to follow the order
presented in the book as each chapter is a complete document on its own.

An important step in the creation of this book was the review process to which
each chapter was subjected. We express our deepest appreciation to our reviewers
for their generous, constructive contribution of their expertise. Their high-caliber
reviews have greatly enhanced the quality and clarity of the final product. We
thank: Herbert Bell, Charles Billings, Eugene Burke, Bob Cheung, Francis
Durso, Robert Ginnett, Ralph Haber, David Hardy, Keith Hendy, David Hunter,
Paul Jacques, Richard Jensen, Raymond King, Steve Landry, William Levison,
Monica Martinussen, Grant McMillan, Todd Nelson, Tomas Nygren, Richard
Pew, Fred Previc, Amy Pritchett, Roy Ruddle, Robert Shaw, Dominic Simon,
Michael Skinner, Robert Taylor, and Christopher Wickens.

The project took much longer than we could have imagined, but we also
learned far more than we could have hoped. We thank our authors for sharing
their expert knowledge and professional experience. We are in debt to their guid-
ance, cooperative spirit, and patience throughout the production process. We have
learned greatly from them.

We are most happy that Captain Neil Johnston consented to write the foreword
to this book. His considerable experience as a pilot and a researcher makes him a
uniquely appropriate person to provide perspective on the field of aviation psy-
chology.

We would also like to thank Barry Kantowitz, the series editor, Anne Duffy,
and other editors and staff at Lawrence Erlbaum Associates for their cheery
prompting, their patience, and their guidance and assistance.

Pamela gratefully acknowledges the grant support from the National Institute
of Aging, the Ohio Board of Regents, and the National Science Foundation dur-
ing the course of preparing the book for publication.



Foreword

As someone with a long-standing interest in aviation psychology, I was delight-
ed to be asked to write the foreword to Principles and Practice of Aviation Psy-
chology. My personal interest in aviation human factors dates back to my days
as an airline copilot in the late 1960s, when I quickly became aware that there
was more to aviation than basic stick and rudder skills. I was fortunate to
become actively involved in various human factors endeavors in the early
1970s, before the roles of human factors and aviation psychology were accept-
ed as valid by the aviation industry or even by most legislators and safety spe-
cialists. Reflecting back on that time, it is hard to believe the extent to which the
aviation industry, with its predominant technical focus, was insulated from the
outside world. As a result of this isolation, the internal battle to break down
prejudices against aviation psychology and human factors took some time to
complete. On the other hand, success, when it did arrive, was decisively
achieved within a relatively short time.

The key initiative of that era was launched in 1975 at the 20th Technical Con-
ference of the International Air Transport Association (IATA). The official report
of the conference subsequently claimed that it had established "...a major and
very important change in attitude in the industry towards certain classes of acci-
dents." The world's aviation industry announced two important strategic policy
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FOREWORD

changes at the conference: (a) the official end of the mindless attribution of "pilot
error" following accidents and (b) a parallel need to involve those from outside
the aviation industry who have expertise in the human sciences.

At that time there were no specialist conferences dedicated to aviation psy-
chology or any specialist books on the subject. The first such book, by Stan
Roscoe, appeared in 1980 and was intended for university students. The first ded-
icated aviation human factors textbook, by Frank Hawkins, followed some seven
years later. Hawkins' book was intended to meet the needs of both university stu-
dents and practitioners, and its appeal continues to this day. While it was an
important and groundbreaking text in many ways, most practitioners felt
Hawkins' book was too academic to enable them to draw practical training bene-
fits from its contents. However, it was an important initiative, and it performed the
valuable service of correctly anticipating the direction in which we needed to go.

Throughout the 1980s there was a steady growth of interest in human factors
and a most welcome interaction between various research communities and those
involved on a day-to-day basis within the industry. This interaction was greatly
facilitated by events such as the active involvement of NASA in air carrier
research projects and the inauguration of the first international aviation psycholo-
gy conference (in 1981). This interaction has, I believe, continued to be of con-
siderable benefit to both communities. Since the start of the 1990s, we have seen
a rapid growth of interest in human factors and aviation psychology. The range of
publications, conferences, and breadth of topics addressed has become almost
overwhelming, and we have moved to the point where it would be a full-time job
just to keep track of them all.

I make these introductory remarks by way of welcoming the publication of
Principles and Practice of Aviation Psychology and with the specific objective of
acknowledging just how far we have come in such a short period. These initial
observations may also serve to remind us how easy it would be to take for grant-
ed the range and depth of the contents of this book. A brief perusal of the contents
will quickly establish that it contains a comprehensive and wide-ranging treat-
ment of a domain that has seen a progressive deepening of understanding and
sophistication.

We may, for example, take it for granted that all the chapters incorporate cred-
ible and relevant aviation examples and applications, appropriately embedded
within broad and solid theoretical foundations. That we have steadily advanced to
a position where we can achieve this state of affairs should not blind us to the edi-
tors' success in actually achieving such a worthy goal. Each chapter is rooted in
the "real world" of aviation and performs the valuable service of presenting us
with solid theoretical discussions that combine applied relevance and practical
insights. I also found helpful and instructive the discussion of the many issues or
areas of contention that have not been tackled in the different domains of aviation
psychology. By way of example, one might consider the comprehensive treatment
of the "platform motion debate" in the chapter on flight simulation by Kaiser and
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FOREWORD xxi

Schroeder or the discussion of issues relating to pilot selection in the chapter by
Carretta and Ree.

As outlined in the first chapter, the development of the discipline of aviation
psychology is intimately tied to the historical development of aviation and, in par-
ticular, the problems that this development has fostered. The capabilities of air-
craft changed radically over the course of the last century, and the role of the
pilot—along with others in the aviation system—has necessarily changed in par-
allel. New challenges for aviation psychology arise with each change in the role
and function of pilots and others within the aviation domain. It has been well
identified that this trend is seen at its most "cognitively opaque" in the context of
the gradual distancing of pilots from direct control of their aircraft. Interaction
with automation increasingly demands more sophisticated—or at least "differ-
ent"—cognition and cockpit management techniques. The contents of this book
pay due homage to this trend, especially in respect of developments and issues in
automation design and cockpit teamwork.

As evidenced by the content of the different chapters, a healthy interaction
between the world of practice and the world of theory works to the advantage of
both practitioners and theorists. In this context I particularly welcome the overall
orientation and tone of this book, especially because this orientation appeals
directly to an enduring bias of my own. Aviation psychology that narrowly treats
the applied world as simply providing empirical data to validate theoretical con-
structs is as impoverished as a world of practice that denies any value to the world
of theory. The necessity and value of a dialogue between the two domains is thor-
oughly endorsed by what the authors of the various chapters have said. I remem-
ber only too well the total irrelevance to aviation of most of the sterile theoretical
material on decision making available in the 1970s and 1980s. Those involved in
university-based research were, for the most part, remarkably uninterested in the
challenges presented by real-world problems (or, indeed, by any real-world data
that might cast a jaundiced eye on their theoretical framework). The chapter by
David O'Hare on aeronautical decision making provides ample testimony as to
how far one can advance by virtue of a healthy interaction between the university,
research, and applied communities. This example serves to underline the fact that
each chapter provides ample evidence of the benefits of such a healthy interaction
between these three communities. Furthermore, the contents provide ample testi-
mony as to how this has worked to the advantage of all interested in aviation psy-
chology and human factors.

Moreover, this book has manifestly benefited from the talents of a group of
notably experienced and distinguished authors, each providing the reader with a
comprehensive and valuable introduction to the various subject areas. In addition
to the strengths discussed above, I might also add that much of the discussion
within each topic area is set within an appropriate historical context. This assists
the reader in understanding how the domain in question has developed in parallel
with the demands of aviation itself.



xxii FOREWORD

There is a lot to be learned from this book. I congratulate all involved for their
manifest success in creating such a comprehensive, relevant, and interesting text.
I am grateful to the editors for giving me the opportunity to write this foreword,
and I wish both the editors and this excellent book every success in the years to
come.

Captain Neil Johnston
Aerospace Psychology Research Group
Trinity College, Dublin, Ireland
April 2002



Series Foreword

The domain of transportation is important for both practical and theoretical rea-
sons. All of us use transportation systems as operators, passengers, and con-
sumers. From a scientific viewpoint, the transportation domain offers an opportu-
nity to create and test sophisticated models of human behavior and cognitions.
This series covers both practical and theoretical aspects of human factors in trans-
portation with an emphasis on their interaction.

The series is intended as a forum for researchers and engineers interested in
how people function within transportation systems. All modes of transportation
are relevant, and all human factors and ergonomic efforts that have explicit impli-
cations for transportation systems fall within the series perview. Analytic efforts
are important to link theory and data. The level of analysis can be as small as one
person or international in scope. Empirical data can be from a broad range of
methodologies, including laboratory research, simulator studies, test tracks, oper-
ational tests, field work, design reviews, or surveys. This broad scope is intended
to maximize the utility of the series for readers with diverse backgrounds.

I expect the series to be useful for professionals in the disciplines of human
factors and ergonomics, transportation engineering, experimental psychology,
cognitive science, sociology, and safety engineering. It is intended to appeal to
the transportation specialist in industry, government, or academia as well as the

xxiii



XXiv SERIES FOREWORD

researcher in need of a test bed for new ideas about the interface between people
and complex systems.

This text on aviation psychology covers a domain that is central to transporta-
tion human factors. Many of the principles and practices of human factors origi-
nated in aviation psychology work as far back as World War II with the pioneer-
ing efforts of Paul Fitts and other historic figures in human engineering. Although
the name of the discipline has since morphed into human factors and ergonomics,
the system approach to aviation remains and is well illustrated in the present text.
I particularly commend the editors for emphasizing the crucial relationship
between theory and practice in aviation psychology. Theoretical models of pilot
control, perception, decision making, selection, execution and control, attention,
mental workload, situational awareness, and cognitive aging are prominently fea-
tured throughout the book. Theory and application are linked in each chapter, thus
fulfilling a major goal of the series. Forthcoming books in this series will contin-
ue this blend of practical and theoretical perspectives.

Barry H. Kantowitz
University of Michigan Transportation Research Institute
Ann Arbor, Michigan
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SME subject-matter expert
SMS space motion sickness
SOP standard operating procedure
SPARTANS Simple Portable Aviation Relevant Task-Battery and Answer-

Scoring System
SPV subjective postural vertical
STM short-term memory
SVV subjective visual vertical

TCAS Traffic Alert and Collision Avoidance System
TRACES Technology in Retrospect and Critical Events in Science

UAV unmanned air vehicle
URET user request evaluation tool

VAMP variable anamorphic motion picture
VFR visual flight rules
VMC visual meteorlogical conditions
VOR vestibulo-ocular reflex
VORs very-high-frequency omnidirectional range navigational

beacons
VR virtual reality
VSD vertical situation display

WAD Workload Assessment Device
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THE CHANGING ROLE OF THE PILOT

Early Beliefs of the Pilot's Role in Aviation
Heavier-than-air aviation started about 100 years ago with the first remarkable
heavier-than-air powered aircraft flight by the Wright brothers in 1903. Many avi-
ation researchers besides the Wright brothers also contributed to the birth of avia-
tion. Otto Lilienthal, Samuel Langley, Octave Chanute, and Glenn Curtiss are just
a few of the aviation pioneers that were either predecessors or contemporaries of
the Wright brothers. Yet, the Wright brothers' contributions to the birth of modern
aviation stand out, not only because of their ultimate success in being the first to
demonstrate powered heavier-than-air flight, but also because of the spectacular
balance they achieved in combining scientific principles and effective practice in
achieving their goal.

For example, the Wright brothers made seminal contributions to the field of
aerodynamics in their creation and use of the first wind tunnel to develop the
wing shape for their aircraft, the Flyer. Later, they generalized from that knowl-
edge to design propellers of unprecedented effectiveness for the Flyer's propul-
sion and incorporated the first effective three-axis control system into their 1902
glider (Hallion, 1978; Jakab, 1997).

1
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With all of those signal accomplishments and the compelling image of their
dramatic first flight, it is perhaps not surprising that another important contribu-
tion of the Wright brothers is often overlooked. The Wright brothers had a much
clearer view of the role of the pilot than did many of their contemporaries. Many
of the early aviation researchers of the time period believed that the challenging
uncertainty of atmospheric conditions required the creation of an inherently sta-
ble aircraft that would respond to a human operator's navigational commands, but
fly automatically otherwise (Crouch, 1978). In contrast, perhaps due to their
background as bicycle mechanics, the Wright brothers saw the pilot of an aircraft
as a skilled active controller of an unstable vehicle (Culick & Jex, 1987; Tsang &
Vidulich, 1989). This insight guided their use of experimental gliders as a means
of not only testing the aerodynamic properties of their designs and control sys-
tems, but also as a means for building their own skills as pilots. The central role of
skill in their conception of piloting also led the Wright brothers to become pio-
neers in the field of educating others to fly. It might be overreaching to claim the
Wright brothers as the first aviation psychologists, but their keen appreciation for
piloting as a skill was certainly a harbinger of things to come.

The Birth of Scientific Aviation Psychology
Roscoe (1980) points out the difficulty in identifying a single founder of scientif-
ic aviation psychology, but identifies World War II as a seminal event in the emer-
gence of the field. This is not surprising, given that during the war aircraft devel-
oped into weapons platforms that could travel at unprecedented speeds and
attempt to deliver bombs with precision from unprecedented altitudes. Control-
ling these sophisticated machines, navigating them accurately, and using them
effectively all required that equipment be developed that was well designed for
human use. Also, the fact that many thousands of crew members were required
for these aircraft throughout the war encouraged innovative training research. In
England, Sir Frederick Bartlett of Cambridge University inspired studies of avia-
tion human factors in support of the war effort at the Applied Psychology Unit.
Early research on human vigilance by Norman Mackworth and compatibility
between controls and displays by Kenneth Craik were representative of the valu-
able work conducted by this group (Roscoe, 1997).

Ross McFarland. McFarland's interest in the effects of altitude on moun-
tain dwellers dated from 1928 and led him into scientific investigations in avia-
tion in the 1930s. Probably his best-known work is two of the earliest volumes on
human factors in aviation. In the first volume, Human Factors in Air Transport
Design (1946), McFarland was mostly concerned with the physical variables that
should be controlled to meet human requirements and that could be specified as
design criteria for aeronautical engineers. Recognizing that not all the problems
of flying could be solved by aeronautical engineering, in his second volume,

2
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Human Factors in Air Transportation (1953), McFarland turned his attention to
the integration of the human operator with the equipment. Issues regarding selec-
tion and training of flight personnel took center stage. At a time when history first
began to witness aging airline pilots, McFarland was concerned with prolonging
the useful lives of highly skilled operators. McFarland's approach to understand-
ing ranged from laboratory studies to extensive field observations on aircrews in
all parts of the world. McFarland believed that "air transports can be operated
safely and efficiently only in so far as the human variables are understood and
controlled. The contributions of many specialized scientists are needed to solve
these ever-changing problems. In addition, basic research must be continued and
the results successfully interpreted and integrated with the practical aspects of air-
line operations" (1953, p. ix).

Paul Fitts. In the United States, the wartime research on human factors
encouraged the May 1945 formation of the Psychology Branch of Aero Med-
ical Laboratory at Wright Field, under the leadership of Paul Fitts (Fitts, 1947;
Grether, 1995). Among Paul Fitts' many contributions to aviation psychology
were his detailed studies of pilot errors (Fitts & Jones, 1961a, 1961b), pilot
eye-scanning behaviors (Fitts, Jones, & Milton, 1950), and the human engi-
neering aspects of air traffic control (Parsons, 1972). However, his contribu-
tions extend well beyond the domain of aviation psychology to include pro-
ducing one of the early, and very influential, taxonomies for function
allocation between humans and machines (Fitts, 1962) and evaluation of
human manual control characteristics (Fitts, 1954). It is fair to consider Paul
Fitts as one of the founders of the entire field of modern human factors, not
just aviation psychology.

Alexander Williams. Although Roscoe (1980) was quick to acknowledge
the contributions of pioneers such as Bartlett, McFarland, and Fitts, the individ-
ual that he nominated as the "Father of Aviation Psychology" was Alexander
Williams. After service as a naval aviator during World War II, Williams founded
the Aviation Psychology Laboratory at the University of Illinois in 1946. As part
of his own research legacy, Williams performed valuable investigations into task
decomposition, pilot training, and display and control design (Roscoe, 1980;
Williams, 1980). However, even more important than his own individual research
contributions, the laboratory founded by Williams has flourished, albeit while
undergoing changes in name and directorship. Williams led the laboratory for the
first decade following its 1946 founding. Jack Adams and Stanley Roscoe were
two of his successors. Roscoe led the lab during a highly productive period in the
1970s (Roscoe, 1980). The current head of the Aviation Research Laboratory at
the University of Illinois is Christopher Wickens (author of chap. 5 and 7), and
the laboratory's activities remain at the forefront of aviation psychology
research.
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The Modern Role of the Pilot
The evolution of aviation from the Wright brothers' time until the present day has
seen remarkable changes in the capabilities of aircraft. The initial flight by the
Wright brothers did not even last a single minute and accomplished no purpose
other than to show that powered heavier-than-air flight was possible. Now com-
mercial aircraft flights routinely last many hours and connect cities separated by
thousands of miles over entire oceans. Commercial aviation not only provides
transportation for people traveling to far-distant lands, but also moves mail and
cargo at speeds unattainable any other way. Military aviation has seen even larger
increases in capabilities (see, e.g., chap. 2; Shaw, 1985).

As exciting and as important as the increases in aviation capabilities have
been, they have not been acquired without affecting the person most responsible
for bringing these capabilities to fruition, that is, the pilot. An early pilot
received almost all of the vital flight information from his or her own senses.
Vision and vestibular functions helped keep the aircraft oriented safely, and nav-
igation was accomplished by sighting landmarks, or even signs, on the ground
(e.g., see chap. 3). The pilot had little more than a throttle and a joystick to con-
trol the aircraft and often aspired to no more than getting into the air and return-
ing to earth safely. The pilot's world has become much more complex since
those early days.

In Fig. 1.1, Wilbur Wright sits in a completely open cockpit, illustrating the
simplicity enjoyed by early pilots. All of the information used to control his flight
was gained through direct observation of the world. The simple and few controls
available to him were connected directly to the aircraft control surfaces with no
intermediary.

Buck (1994) details many of the technological changes that have confronted
pilots over the course of his own flying career that spanned most of the 20th cen-
tury. Buck noted the appealing simplicity of early flight. Here are his memories of
a 1931 flight in a biplane Pitcairn Mail wing aircraft (23 years after the photo of
Wilbur Wright in Fig. 1.1 was taken):

Imagine flying across New York City through the northeast corridor with no traffic,
no ATC, no two-way radio, not a thing to think about except those key basics: fly the
airplane, navigate, and avoid the terrain. It was a beautiful, simple life. (p. 8)

Continuing his flying career through World War II, through the formative
years of modern commercial air travel, and up to current times, Buck outlined the
increasing list of concerns and issues that have been added to the pilot's burden.
In many cases, items added to increase safety or effectiveness became potential
problems that required additional effort to monitor and control. The same prolif-
eration of additional systems to be controlled confronted the military pilot, along
with changes in weapons technology from first controlling the settings for the
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FIG. 1.1 The simplicity of early flight. Wilbur Wright on a triumphal tour of
Europe in August 1908. Sitting at the controls of the Wright 1907 Flyer at Les
Hunaudieres race course near Le Mans. (Courtesy of Special Collections and
Archives, Wright State University)
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increasingly sophisticated sighting systems for guns and progressing to control-
ling the launching of air-to-air missiles (Coombs, 1999).

Until the 1960s, the additional information presented to the pilot usually took
the form of another single-purpose instrument (Coombs, 1990). Fig. 1.2 illus-
trates a cockpit from this time period. The numerous single-purpose indicators
could exert a serious visual scanning and cognitive integration load on the pilot
(see chap. 5). Additionally, as aircraft became increasingly complex and the
amount of information that needed to be presented to the pilot increased, the
finite "real estate" of the cockpit became a limiting factor. As Coombs put it
(1990), "A point in evolution was reached in which the number of pointers,
numeral counters and flags could no longer be increased or their display charac-
teristics improved" (p. 12).

The breakthrough in the appearance of the cockpit occurred during the 1960s
when cathode ray tube (CRT) displays became practical for use in the cockpit
(Coombs, 1990). Because the appearance of the display was no longer limited by

FIG. 1.2 Typical cockpit design of the early 1960s, as illustrated by the X-15. The
X-15 research rocket aircraft provided much-needed information on high-speed
flight for NASA's space program. The X-15 cockpit shows the use of individual
instruments to display data to the pilot. (Courtesy of NASA)
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the physical constraints of moving the electromechanical indicator, CRTs allowed
innovative display formats to be used. And, by allowing different displays to
appear on the same CRT at different times, CRTs were a great boon for alleviat-
ing the cockpit real estate problem. CRT technology was followed by liquid crys-
tal displays (LCD) that also allowed flexible multifunction formats.

The prominent role of multifunction displays in the modern cockpit is well
illustrated by the Boeing 777 cockpit shown in Fig. 1.3. The change from single
instruments and gauges to flexible multifunction displays makes the modern
cockpit look much different than earlier cockpits (such as that illustrated in Fig.
1.2). However, much more has changed than just the appearance of the cockpit. In
addition to the changes in display technology, the 1960s ushered in the use of
computerized automation to assist pilots. For example, the Boeing 777 computer
systems incorporate more than 2.6 million lines of software code to support the
autopilot, flight management, navigation, and maintenance functions (Norris &
Wagner, 1996).

FIG. 1.3 The Boeing 777-300 flight deck: The newest member of the 777 family
is a large, modern commercial air carrier. The 777 flight deck illustrates the use of
large multipurpose displays to efficiently convey a great deal of information to the
crew. (Courtesy of the Boeing Company)

1.
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Thus, the current commercial and military pilot has become increasingly
removed from direct contact with the aircraft control surfaces. More and more of
the tasks require that the pilot work cooperatively, not only with other crew mem-
bers, but also with advanced computerized technologies (Buck, 1994; Coombs,
1990, 1999). Unfortunately, these advanced computerized technologies often
behave in surprising or inexplicable ways to the human pilot (Sarter & Woods,
1992, 1994). On the other hand, researchers (e.g., Weiner, 1993) have pointed out
that automation often has positive effects, even on the pilot's cognitive process-
ing, by enabling effective responses in emergencies that would not be possible
without it.

Nevertheless, Buck (1994) closed his book arguing that more consideration
needs to be paid to the pilot's role:

Our plea, then, is to develop and then implement real ways to reduce rather than add
to the pilot's burden, to simplify the pilot's job rather than complicate it. To respect,
finally, that pilot judgment will always be needed—and to make room for it. (p. 233)

Visualizing the Future Pilot
Undoubtedly, the role of the pilot in commercial and military aviation will con-
tinue to be affected by the trend toward more highly automated systems. It is
hoped that as these systems become more advanced, they will meet Buck's plea
to reduce rather than to expand the pilot's burden. Some researchers believe that
this happy result will occur as the automated systems become intelligent
enough to become "electronic crew members" (see, e.g., Reising, Taylor, &
Onken, 1999) and become more "aware" of the actual state of the pilot they are
attempting to aid (e.g., see Taylor, Howells, & Watson, 2000; see also chaps. 4
and 9).

In a broader context, Fallows (200la, 200Ib) presents another intriguing
vision of the future of aviation. Examining the increasing bottlenecks and delays
inherent in the existing airline industry, Fallows proposed that a simple scaling-up
of the existing system with more planes and more runways at existing airports
would not be a practical or economically viable approach to keep pace with the
projected increases in airline travel. Fallows made a compelling argument that the
increased reliability of aircraft mechanical systems combined with innovative
research on cockpit interfaces will not only revitalize general aviation, but will
also lead to the emergence of a much more extensive small aircraft "taxi" service.

In the current context, it is important to emphasize the role that human factors
is expected to assume in the development of the expanded air system. Fallows
(200la, 2001b) points out that current research, such as that performed by the
National Aeronautics and Space Administration's (NASA) Advanced General
Aviation Transport Experiments (AGATE) alliance, will decrease the difficulty of
piloting and increase flight safety for a new generation of more user-friendly air-
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craft. NASA is aggressively pursuing the goal of making advanced cockpit tech-
nologies effective and affordable to even general aviation pilots. These technolo-
gies include highway-in-the-sky displays, head-mounted displays (Fiorino,
2001), and synthetic vision systems that use advanced sensors to present a view of
the world to the pilot during degraded visual conditions (Wynbrandt, 2001).

Fallows (2001a, 2001b) presented his vision of aviation's future before the
tragic September 11, 2001, terrorist attacks on the World Trade Center and the
Pentagon. The ensuing turmoil, security increases, and economic downturn that
the airline industry experienced following the attacks will, at least, slow move-
ment toward such an open expansion of the U.S. and international aviation sys-
tems. However, it seems inevitable that in the long run civilization will continue
its development of increased mobility for people and that the aviation system will
change in ways to accommodate that increase. To this end, understanding the
human pilot and building systems that best accommodate the human's cognitive
strengths while supporting human frailties will remain a vital component of mak-
ing those systems effective and safe.

THE ROLES OF BASIC AND APPLIED
RESEARCH IN AVIATION PSYCHOLOGY

Basic and Applied Research
in Meeting Future Needs
A major organizing principle of this book is the belief that a viable practice of
aviation psychology must be based on a solid theoretical foundation. Maintaining
the balance of basic and applied work within the field has always been important
in both aviation psychology and in the broader domain of engineering psycholo-
gy. This challenge was forthrightly faced 30 years ago by Jack Adams (Adams,
1972) in his 1971 Presidential Address to the Society of Engineering Psycholo-
gists, Division 21 of the American Psychological Society (APA). In the opening
of his address, Adams stated, "Our research efforts have been and are insufficient.
The future of engineering psychology is in jeopardy unless we examine realisti-
cally the state of our knowledge and ask what we must do to strengthen it"
(p. 615). Adams contrasted Division 21 's basic research activities with that of the
other applied divisions of the APA (such as clinical psychology and educational
psychology) and found Division 21 to be wanting. Adams found in his review
several examples of engineering psychology research activities that had promis-
ing starts in World War II, but had failed to continue to a satisfactory conclusion.
Interestingly, many of these examples involved early aviation psychology
research on the design of aviation displays (e.g., attitude displays, circular versus
linear displays, pictorial navigation displays, and contact analog displays for
vehicular control).
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Adams (1972) also considered the outcome of two major studies of the precur-
sors to successful system designs as a means of contrasting the relative merit of
basic and applied research. Project Hindsight, conducted by the Department of
Defense, examined 20 successful and important military systems to determine
what research and development innovations preceded them. The precursors were
tracked back about 20 years, and 710 related research and development innova-
tions were identified. The results strongly supported the contribution of applied
research. The majority of the precursor innovations identified within Project
Hindsight were developed in an applied setting in which the researcher was
attempting to address a known deficiency rather than simply to extend domain
knowledge. However, Adams pointed out that the research was most often done in
support of another system development process, and the median timing was 9
years prior to application of the innovation. In other words, good research, includ-
ing applied research, can have implications well beyond its current setting.

An even more interesting picture emerged when the 20-year window preced-
ing innovations was expanded. A second study reviewed by Adams (1972) was
conducted by the Illinois Institute of Technology and called Technology in Retro-
spect and Critical Events in Science (TRACES). In examining the essential pre-
cursors to five important technologies, 341 precursors were identified as far back
as 50 years prior to the current technology. Seventy percent of the precursors were
identified as originating in university basic research, and the most common time
window was 20 to 30 years prior to the development of the ultimate system.

Adams (1972) concluded that engineering psychology must be more aggres-
sive in examining its own knowledge store and seek to develop a stronger basis
for science and its applications. Although applied research answering immediate
questions would certainly be vital for the field, Adams (1972) suggested that:

Furthermore, unfettered basic scientists, going where their imaginations take them,
can give applied investigators a vision they otherwise would not have. I cannot
believe that applied scientists of the 1930s and 1940s who were concerned with the
efficiency of explosives would have ever invented the atomic bomb. (p. 621)

The Role of Basic Research and Theory
in Aviation Psychology Practice
In a review, Gopher and Kimchi (1989) considered the implications of the increas-
ing pace of technological changes on the field of engineering psychology in gen-
eral. The rapidly increasing power of microcomputers and their increasing incor-
poration within almost every type of human-machine system (especially aircraft)
was seen to be a fundamental problem for engineering psychology. It was not seen
to be cost effective to engage in long-term applied research for systems that would
only last for short periods. As an analogy, Gopher and Kimchi likened the situa-
tion confronting engineering psychology researchers to a controller tracking an
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input function exceeding its point-to-point tracking capabilities. The best response
of the controller is to give up attempting to react to every momentary deviation
and to focus instead on: (a) tracking any higher order, slow-moving changes with-
in the input function and (b) attempting to predict future inputs. Gopher and Kim-
chi translated this analogy to the domain of engineering psychology:

. . . the analogy emphasizes the role of theoretical models in practical work. Only
with such models can we generate principles and predict the future. If there existed
only a limited set of slow-moving technologies, strict empirical approaches could
suffice, (p. 432)

Along the same vein, Kantowitz (1992) identified five major advantages that
theory provided the real-world practitioner: (a) Theory can provide accurate and
sensible extrapolation to new situations, (b) theory can be the basis for precise
predictions of system performance before a system is built, (c) theory can encour-
age efficient generalization across a range of practical problems (i.e., theory can
keep researchers from constantly reinventing the wheel), (d) theory can provide a
normative baseline for judging human and system performance to determine
whether additional effort might produce significant improvements, and (e) theory
is the best practical tool.

The last point best summarizes Kantowitz's (1992) and Gopher and Kimchi's
(1989) viewpoints and the organizing principle behind the present volume. As in
the larger domain of engineering psychology, the pace of technological changes in
aviation has long been too rapid to allow a totally reactive applied research strate-
gy to succeed. The only rational option, then, is to make thorough use of basic
research and theories as the foundation of the field of aviation psychology. There
will be ample opportunity and compelling need for focused applied research to
optimize the application of theory to emerging technologies, but this research will
have its best chance to succeed if it makes good use of the theory for guidance.

A visionary, Donald Broadbent was one of the most important figures in
experimental and applied psychology during the 20th century (Moray, 1995). As
a student, he was mentored by Sir Frederick Bartlett and eventually became head
of Cambridge's prestigious Applied Psychology Unit. Being a renowned theoreti-
cian himself, it is not surprising that Broadbent held the importance of theory to
applications with the same regard as Gopher and Kimchi (1989) and Kantowitz
(1992). In addition, Broadbent forcefully advocated the role of applied work in
inspiring good theory. Results of applied research, in addition to being practically
useful, should also provide tests and expansion of the underlying theory. In sum-
marizing his views after a careful consideration of the role of applied problems in
advancing psychological theory, he wrote, "applied psychology is the best basis
for a genuine theory of human nature" (Broadbent, 1971, p. 29). To illustrate the
point, Broadbent pointed to two attentional mechanisms that had been discovered
in applied work and then became prominent in his attentional theories:
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Such mechanisms might be overlooked by purely theoretical psychologists, who
can ignore the complex nature of most real-life situations. Once found, these princi-
ples are of use in understanding many other situations as well as those that gave rise
to them; that is, they are "theoretical" in the best sense. (1971, p. 30)

This volume was inspired by the same beliefs expressed by Donald Broadbent,
namely, that theories and applications are not two distinct goals of aviation psychol-
ogy, but two essential facets of progress in any healthy science. Just as good psycho-
logical theories will help guide applications to aid the pilot, the challenging applica-
tions inherent in aviation will provide a fertile ground to grow robust theories.

PREVIEW OF THE CHAPTERS

Although the chapters are arranged by important topics in aviation psychology,
readers will find pertinent psychological principles, their associated methodolo-
gies, and related empirical findings discussed throughout the book. The book
adopts a psychological perspective toward understanding the demands on the
pilot. Following the arguments presented earlier, we hold that systematic investi-
gations with the rigor of scientific methods would be the most fruitful approach.
This approach should yield principles and methodologies that would contribute to
the understanding of human behavior in general and to enhancing performance in
a variety of systems and settings beyond that of aviation. For example, a sound
display principle would apply in the cockpit of an aircraft, a spacecraft, an air
traffic control's console, or an automobile dashboard, as well as an office com-
puter. The book also adopts the view that the understanding of human behavior
can be greatly informed by applied problems. Issues related to the enhancment of
pilot performance and to the improvment of system efficiency and safety should
drive the selection of topics to study. For example, one important consideration
that spans across the chapters is the impact of the ever-changing technology on
the pilot's task. We believe the juxtaposition of theories and applications in each
chapter will help us achieve the goal of attaining a better understanding of the
pilot-aircraft system and being in a better position to contribute to the extant
knowledge.

The chapter by Ralph and Lyn Haber, "Perception and Attention in Low-
Altitude High-Speed Flight" (chap. 2), introduces some flying basics. The detailed
analysis of low-altitude flight in military aviation shows the intrinsically unforgiv-
ing nature of aviation and the rich interplay of perceptual and attentional abilities
and skills required of the pilot. The detailed account of the highly specialized
operational tasks from a psychological viewpoint elucidates the role of psycholo-
gists in aviation. Haber and Haber present some of the most pertinent principles of
psychology to flight but also illustrate the limitations of current theories. Appreci-
ating the limitations of current theories is, of course, a necessary step towards
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advancing theories. This chapter exemplifies the fruitfulness of psychologists
working hand in hand with operational personnel, applying basic knowledge to the
understanding of operational demands, and validating theoretical understandings
through detailed analysis of the operational performance. Haber and Haber's dis-
cussion foreshadows several major topics covered in the ensuing chapters.

Three chapters cooperatively cover a topic of the earliest concerns of flight—
pilot control. Continuous vehicular control is often the pilot's main activity when-
ever the aircraft cannot be left to an autopilot. The demands of pilot control are
illustrated by the examples of combat maneuvers deftly sketched by Haber and
Haber. In chapter 8, Hess presents formal quantitative pilot control models. For
those with less of a quantitative background, Wickens provides a more intuitive
description of pilot control models in chapter 7. The models presented by Hess
are mathematical constructs that can be used in descriptive or predictive fashion.
The models can be used to describe or explain results observed from flight tests or
simulation runs, contributing to the understanding of human pilot behavior. The
pilot models also can be used to predict pilot/aircraft performance and handling
qualities, thus contributing to improved aircraft designs. The advantages of adopt-
ing psychological constructs developed by psychologists in conjunction with the
powerful analytical techniques used by engineers are amply evident in this chap-
ter. Hess believes this to be an efficient approach to identifying aids that could be
provided to the operator and determining the appropriate roles of humans and
machines in pilot control.

Several chapters expand on the perceptual and attentional issues facing the
pilots that Haber and Haber related to piloting. As discussed in Young's (chap. 3),
Hess's (chap. 8), and Kaiser and Schroeder's (chap. 12) chapters, perception is
accomplished through not just the visual system, but also the auditory, proprio-
ceptive, and vestibular systems. Of note is that these authors emphasize the
importance of the integration of the signals from the various sensory systems in
contributing to spatial orientation, pilot control, and motion perception.

Similarly, with regard to the attentional issues, instead of focusing on isolated,
single-task performance, Vidulich (chap. 4), Wickens (chap. 7), and Tsang (chap.
14) consider attentional management as a higher order cognitive skill with sub-
components that involve the executive control of limited resources. Vidulich pre-
sents the concepts of mental workload and situation awareness that are now fre-
quently used to characterize the impact of complex aviation tasks on the pilot's
information processing system. Wickens discusses how pilots cope with the tem-
poral demands of multiple tasks (Cockpit Task Management, CTM)—a critical
issue in the cockpit in which checklist activities might easily be time-shared with,
or interrupted by, other tasks. Tsang focuses on two components of the executive
control—attention switching and attention sharing—and how age and expertise
might affect this control.

The impressive maneuver capability of modern aircraft demonstrated in Haber
and Haber's chapter reflects the increasing sophistication of aviation technology
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that has far-reaching implications on an array of issues covered in the book. For
one, it points to the opportunity and need for automation to support pilot control.
But as researchers have long recognized (notably, Wiener & Curry, 1980) and as
Parasuraman and Byrne have discussed in the present volume (chap. 9), although
automation is largely helpful, enabling operations that would otherwise be impos-
sible, it also has placed an additional burden on the pilot. With the advent of
increasing automation, the role of the pilot shifts from primarily a manual con-
troller of focused, isolated tasks to a supervisory controller overseeing and man-
aging several subsystems concurrently. This has important implications on the
level of psychological processes that require understanding, and new psychologi-
cal concerns emerge. For example, concepts like mental workload and situation
awareness (chap. 4) are relatively new to the psychological literature. These con-
cepts actually originated from the operational personnel who felt a need for new
vocabulary to describe the demands and challenges that they face. In addition to
providing a thorough overview of the issues associated with the use of automation
within the cockpit, Parasuraman and Byrne and Vidulich propose that future
automation might take advantage of monitoring the human's mental state in order
to act more adaptively and intelligently.

Although automation moves the pilot further and further from direct control,
the pilot still requires information to keep abreast of the state of the aircraft in
order to aviate, navigate, communicate, and manage all the subsystems. In chap-
ter 5, Wickens advocates the use of psychological principles to shape the presen-
tation of information. A well-designed display should seem "intuitive" to the
pilot. The flexibility of information formats afforded by modern display technol-
ogy provides great opportunity to achieve compatibility between display format
and the pilot mental information processing.

The additional information afforded by technology (such as real-time traffic
information) can be enormously helpful for many decision-making tasks. But
additional sources of information, along with all their inherent uncertainty, could
also increase the complexity of decision making. Further, technology can now
effect a decision with a push of a button or a simple voice command that could
produce quick and far-reaching consequences. In chapter 6, O'Hare argues that
the understanding of human decision making is one of the primary issues con-
fronting aviation psychology. He presents both normative and descriptive models
of human decision making but found the current attempts to provide decision-
making training to be not particularly effective. O'Hare advocates for continual
development of theoretical understanding and the use of a better theory-based
tool for more effective interventions.

The challenges inherent in the increasing technological capabilities and the
anticipated increasing volume of air travel around the globe call for new consid-
eration on pilot selection and training. These issues are covered in chapters 10 and
11, respectively. The early disastrous results of training unselected individuals for
flying during the first years of World War I prompted intensive study of pilot
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selection across the globe (Armstrong, 1939). It also soon became clear that phys-
ical fitness alone was not sufficient to guarantee success in aviation. Tests of emo-
tional stability, personality, and cognitive tests of memory, attention, and spatial
ability were therefore implemented. In the present volume, Carretta and Ree
(chap. 10) discuss the complexities of trying to identify individuals who are like-
ly to succeed as a pilot. State-of-the art selection batteries for commercial and
military selection from around the world are presented.

Though not covered extensively, Carretta and Ree rightly raise the issue of
considering the advantages of selection methods to be able to predict training
and job performance for members of both genders and members of different
ethnic/racial groups. In 1934, Helen Richey was the first woman pilot to be
hired by a regularly scheduled airline. However, the Federal Bureau of Air
Commerce forbade her to fly in bad weather, and the all-male pilot's union
denied her membership (Thornberg, 2000). In was not until 1973 that a U.S. air-
line would hire a second woman pilot (see Fig. 1.4). As of 1994, female airline
pilots constituted 2.3% and African American airline pilots constituted 1.2% of
the airline pilots' population (Hansen & Oster, 1997). Hansen and Oster (1997)
urge a concerted effort to increase diversity in the aviation workforce to maxi-
mize human capital.

Along the same vein, to capitalize on the skill and experience of older pilots,
there are ongoing fervent debates surrounding the FAA Age 60 Rule. This regula-
tion prohibits pilots over the age of 60 to be the pilot-in-command of air carriers
and commuter and air taxi operations that include 10- to 30-seat aircraft. Tsang
(chap. 14) presents the debates on the potential benefits and compromises in safe-
ty with the possible revision of the Age 60 Rule. A scientific, objective approach
that could contribute to the current debates is proposed.

Effective selection methods minimize but do not obviate the need for training.
In chapter 11, Patrick provides an overview of the design, implementation, and
evaluation of a training program for individuals and teams. In this endeavor,
Patrick emphasizes equally the reliance on general principles found in the litera-
ture and on more specific lessons learned from training studies in aviation. Patrick
considers the strengths and weaknesses of the traditional Instructional System
Development model within the context of training of an individual pilot, as well
as that of increasing automation and the need for crew coordination.

Another implication of the increasing capability made possible by technology is
the need for additional personnel to control and manage the aircraft systems. Effec-
tive information flow among crew members becomes an important factor toward
maximizing performance and safety. In chapter 13, Sherman reviews the impact of
the demands of processing additional information as well as those of increased
social interaction among crew members. Sherman shows how Crew Resource Man-
agement (CRM) emerged as an approach for improving team communication and
coordination. Whereas technology had gradually transformed a single-pilot cockpit
to a three-person cockpit for air carriers (with a pilot-in-command, a copilot, and a
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FIG. 1.4 Bonnie Tiburzi, the second woman pilot hired by a U.S. air carrier and
the first to be hired by a major airline. (Courtesy of the Ninety-Nines, Museum of
Women Pilots)

flight engineer), the newer, more automated cockpits experience a reduction in crew
size, with the flight engineer being eliminated from most cockpits. As discussed by
Sherman, this turn of events does not reduce the need to understand teamwork.
Rather, team communication and coordination research needs to be conducted to
incorporate the electronic crew members.

Because flight simulation is frequently used for training and for the evalua-
tion of training, the two topics are intricately related (e.g., What should be simu-
lated in order to maximize transfer of training?). In addition, flight simulators
can be used for developing and testing aircraft models (chap. 12) and mathemat-
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ical constructs of pilot control such as those discussed by Hess (chap. 8). The
many advantages of the use of simulation were recognized early. The first simu-
lators were naturally very crude by today's standards, but the regimes of flight
that could be reasonably emulated expanded with the present computer process-
ing and video presentation capabilities. Although the degree of physical realism
that can be achieved today is arresting, the most powerful computer in the world
still cannot duplicate the world. The mere use of a realistic setting does not mean
that a study is valid. Any number of unintended factors could render it impossi-
ble to draw any inferences from the results with confidence. Instead of aiming
for surface realism, it is utterly important to first identify the critical variables
that support piloting. This is one aspect in which guidance by a solid theoretical
foundation rather than by technical feasibility is especially needed (see also
chap. 11).

Several chapters also offer tutorials on some of the most common analytical
methods used in aviation psychology. In chapter 4, Vidulich provides a tutorial on
important techniques used for assessing mental workload and situation aware-
ness. In chapter 7, Wickens presents a tutorial on control theory that would be
most helpful for those who would need some introductory background to appreci-
ate the more quantitative treatment presented by Hess in chapter 8. In chapter 10,
Carretta and Ree provide an overview of the validation process, specific analytic
strategies, and cautionary notes on the many potential pitfalls in drawing conclu-
sions from improperly conducted analysis. The invaluable lessons found in this
chapter should be applicable in a variety of settings. In chapter 11, Patrick pre-
sents the general steps taken in conducting a training program. In chapter 14,
Tsang presents the common approaches to, as well as methodological challenges
in, assessing age effects on pilot performance.

Finally, the treatment of aviation errors and accidents are more explicit in some
chapters (e.g., chaps. 2, 3, 6, 9, 11, 13, and 14) than in others. But all chapters
address issues that, through training (e.g., chaps. 2, 3, 11, and 13), by design (e.g.,
chaps. 5, 7, 9, and 12), by our ability to predict pilot performance (e.g., chaps. 6 and
8), or by capitalizing on pilots' skill and experience (e.g., chaps. 4, 10, and 14), aim
at reducing errors and minimizing accidents, while enhancing safety and efficiency.

To conclude, the rapid metamorphosis of flight in a mere 100 years is nothing
short of breathtaking. The early paths that pioneer aviation and engineering psy-
chologists have set out for us appear to be good ones. The common approach
among them is the need to continue basic laboratory research and bring it to bear on
applied issues. But as Broadbent (1990) put it, "the world has features that current
theory cannot handle" (p. 237). Consequently, basic research also should be driven
by some important practical problems, and applied studies should be conducted as
test of the theory. Further, the findings of such studies should be used to modify the
underlying theory. The future of aviation psychology does not lie in comparing the
merits of various subsystems. Rather, it lies in understanding the underlying princi-
ples in design alternatives for intelligent pilot-aircraft systems. Toward this end, as
the pilot's task becomes more the managing of complex systems, the understanding
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of the performance of highly simplified tasks and processing isolated signals would
not suffice. The information processing that typifies piloting requires a high level of
comprehension, dynamic decision making, executive control, organization, and
integration. Advancing the theoretical understanding of the pilot behavior in the
complex, demanding aviation environment will require research to be conducted in
an environment sufficiently rich to allow the elicitation of behavior that would be
representative of today's piloting. This is the case for laboratory, simulation, or field
experiments. But for this process to move forward, institutional and government
recognition of, support for, and commitment to equipment and resources needs are
necessary.
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Perception and Attention
During Low-Altitude
High-Speed Flight*

Ralph Norman Haber
Lyn Haber

Uniuersity of California at Santa Cruz

In this chapter, we undertake a perceptual and attentional analysis of exceedingly
complex performance: military low-altitude flight. This performance comprises a
constellation of tasks that represent the very edge of human perceptual and atten-
tional capabilities. Our analysis extends the concept of automatic and controlled
attention as it has evolved from primarily verbal and semantic tasks to automatic and
controlled perceptual processes. This extension is critical because performing on the
edge, where death is the presumptive consequence of every mistake, creates a mas-
sive conundrum: many of the automatic perceptual processes available to pilots
often produce information that is sometimes misleading or simply wrong. As a
result, at precisely those moments when perceptual and attentional demands on the
pilot are most extreme, he is forced to switch from automatic to focused processes.
Further, both perceptual and performance tasks must be prioritized by their impor-
tance (defined by likelihood of dying), the duration of the task itself, and the dura-
tion of the time interval before the task must be performed again. A major compo-
nent in every prioritization is whether automatic processes have to be abandoned in
favor of focused ones. Just considering this possibility requires focused attention.

* A brief note about language. We use the pronouns he and his exclusively when referring to a pilot of
combat jet aircraft, because at that time there were no women flying jet fighters in low-altitude arenas.
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Military pilots, maneuvering their jet fighters at high speed during low-altitude
flight, must also complete their mission tasking and avoid threats. Low-altitude
flying provides a laboratory for the analysis of perceptual and attentional process-
es under conditions where efficiency must be maximized, perception controls and
is controlled by performance, and prioritization of tasking determines survival.
Typical velocities are just up to the speed of sound, between 600 and 1,000 feet
per second. A fighter plane can roll 360 degrees around its axis of travel in little
more than a second, enter a turn at a 90-degree angle of bank from level flight in
even less time, and complete a U-turn in less than half the time it can be done in a
sports car. When these maneuvers are performed near the ground, they can pro-
duce angular velocities at the pilot's eyes exceeding 500 degrees per second. They
also require the ability to perceive and comprehend objects and terrain at dis-
tances of 5,000 to 10,000 feet.

Performing these maneuvers at low altitude places a unique constraint on the
pilot. Whatever his reason for flying low, his most important task at all times is to
avoid hitting the ground. Successful ground avoidance requires that the pilot's
direct and continuous visual attention be focused on observation of the ground.
He must perceive the ground, perceive his location relative to the ground, and pre-
dict where he will be in relation to the ground during and at the completion of
every maneuver.

By definition, a pilot enters the low-altitude environment whenever his pri-
mary task at the moment is to avoid hitting the ground (Miller, 1983). Thus, the
definition of the low-altitude environment requires knowing the pilot's tasks
rather than his absolute elevation over the terrain. Given the speed and maneuver-
ability of modern jet fighters, for some maneuvers low altitude may extend to
5,000 or even 10,000 feet above ground level. For example, a "Split S" maneuver,
in which the pilot reverses direction by diving under in order to come up and
behind an approaching plane, requires the pilot to first roll inverted, then dive
upside down toward the ground in a 180-degree half loop, so that he can pull out
into level flight traveling in the opposite direction, though much closer to the
ground. At normal maneuvering speeds, most fighters require a vertical diameter
of about one mile for their diving loop. Therefore, when planning to begin this
maneuver, even at a "safe" altitude of 5,000 feet above ground level, the pilot
must be concerned with his ground clearance—he is flying at that moment in the
low-altitude environment.

Flying near the ground (except when preparing to land) rarely occurs in gener-
al or commercial aviation, and heavy maneuvering near the ground is usually
explicitly prohibited by regulation. However, in military aviation, flying near the
ground is common for reasons of weather, protection, and mission.

Weather drives pilots low. Because the priorities of military missions take
precedence over the momentary weather, a fighter pilot looking for a target he
must detect visually may be forced to fly below the bottoms of the clouds, even
if that means flying very close to the ground. The need for protection drives
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pilots low. A jet fighter is more difficult to detect by pilots of other planes,
ground observers, or electronic surveillance technology when flying very close
to the ground. Even if detected, it is much more difficult to successfully attack
a jet flying very close to the ground, especially with heat-sensitive missiles. The
mission also drives pilots low. Jet fighter pilots have to go where their targets
are located, either to pursue an enemy plane that goes low or to attack a ground
target.

In the four sections that follow, we analyze the perceptual and attentional com-
ponents of avoiding collision with the ground while flying fast and low. In the
first section, we describe the aerodynamics of low-altitude flight maneuvers. In
the second, we examine the objective information in the physical world that can
inform the pilot about his ground clearance. In the third, we explore how those
sources of information, singly and in combination, are used by the pilot to per-
ceive ground clearance. We conclude with an analysis of low-altitude military
flight in which the perceptual and attentional demands of the components of
flight are combined, and tasks are prioritized by their inherent demands as well as
by mission and ground-avoidance requirements.

This chapter departs slightly from the others in this volume in that it is large-
ly based on our experiences observing and participating in the training of U.S.
fighter pilots to perform low-level flight tasks at the 162nd Fighter Weapons
School of the Arizona National Guard at Tucson. The instructor pilots knew
more about perception, attention, and performance in a practical sense than all
the textbooks teach. In the time that we worked with these instructors, we dis-
covered the problems of applying our land-bound theories and models to the
remarkable airborne performance that we observed every day. We are particular-
ly indebted to a young instructor, Capt. Milt Miller, who translated skills and
understanding of the inherent problems of flying low and fast into a superb train-
ing program (Miller, 1983). In later chapters in this volume, models of pilot con-
trol are introduced by Wickens in chapter 7; a more formal analytic treatment is
presented by Hess in chapter 8.

AERODYNAMICS OF MOTION:
THE EFFECTS OF CONTROL

INPUTS ON FLIGHT

Survival at low altitude requires that the pilot understand and continually consid-
er the physical dynamics of the movement of his aircraft and the changes in those
dynamics as a result of the control inputs that he makes. Specifically, the pilot
needs to know how long it takes his aircraft to respond to his inputs.

Suppose a pilot is deliberately flying low, well below an upcoming ridge. How
long can he delay changing his flight path until it is past that instant in time
beyond which collision with the ridge becomes irreversible and inevitable? The
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answer, counting backward from the moment of impact, includes the time
required for the pilot to perceive, decide, and respond to the upcoming ridge, as
well as the time required for the plane to respond to the inputs from the controls.
This instant in time, beyond which collision is unavoidable, is called time-to-die.
Every maneuver performed near the ground has an associated time-to-die limit.
Conversely, free time refers, in seconds, to all the time available to the pilot before
he passes the time-to-die instant, when collision is irreversible. Free time
describes how many seconds the pilot can use to attend to tasks other than ground
clearance. Time-to-die and free time are critical concepts in our presentation of
low-altitude flying.

In this section, we discuss how the physical dynamics of an aircraft are defined
and specified; and then, through the consideration of some sample maneuvers,
describe the relation between the aerodynamics of flight and time-to-die and free
time when flying near the ground.

Descriptions of the Position and
Movements of Aircraft in Relation
to Control Inputs
Three parameters—G-force, altitude above the ground, and velocity vector—
define the location of the aircraft in relation to the ground and its ongoing flight
path through space.

G-force refers to movement of the aircraft with respect to gravity, that is, par-
allel to the lift axis, which is usually perpendicular to the axis of the wings. With
wings level, initiating a climb exerts a downward force on the aircraft and its
occupants proportional to the acceleration. The accelerating force of the climb is
specified in Gs, or the multiple of the weight of the plane needed to produce the
acceleration. A 3 G accelerating climb triples the weight of the plane (and the
pilot within it as well) during the course of the acceleration. In a level turn, the lift
axis remains perpendicular to the wings, as seen in Fig. 2.1. But the turning force
generates centrifugal force, which requires more lift to maintain level flight; the
steeper the bank angle, the more lift is needed. The forces resulting from lift in a
turn, as in a climb, are specified in Gs.

Altitude above the ground (altitude AGL) specifies the perpendicular separa-
tion between the plane and the ground (or water) directly under it. Altitude AGL,
the distance to the ground under the plane, is the most important referent for alti-
tude in the low-altitude environment—reference to elevation above sea level is
rarely used.

The velocity vector of the aircraft refers to the direction of travel through the
air, not to the location of the aircraft with respect to the ground. The velocity vec-
tor is specified in three dimensions: the speed through the air, the angle between
the path of flight and the horizontal (specifying the plane's elevation above or
below the true horizontal), and the angle made between the path of flight and a



2. LOW-ALTITUDE FLYING 25

FIG. 2.1. A diagrammatic representation of the forces acting on an aircraft in a
banked turn.

reference compass direction (azimuth), such as north. The second and third
dimensions taken together define the flight path.

When the pilot applies some input to the aircraft's controls, the changes in G,
altitude, and velocity vector define the aircraft's future position. Pushing the stick
forward or backward controls the pitch axis of the aircraft; pulling the stick back
lifts the nose, causing an ascent. Pushing the stick to the side controls the wing
axis of the aircraft; moving the stick to the left lowers the left wing, initiating a
descending turn to the left. To make a level turn to the left, the stick has to be
moved to the left and simultaneously pulled back. The pull back adds lift to coun-
teract the descent that would otherwise occur.

Aircraft also have a throttle, which changes the thrust exerted by the aircraft's
power plant. Although adjustments of the throttle affect the aircraft's velocity
through the air, military jet fighters are usually operated at a relatively constant
(and high) throttle setting. Therefore, changes in aerodynamics of flight do not
stem from engine power changes settings as much as from changes in stick posi-
tion (e.g., pulling back on the stick, which initiates a climb, will, without addi-
tional thrust, also result in a decrease in velocity).

Except by momentary coincidence, the flight path of the plane is rarely the
direction in which the nose is pointing. This means that the flight path is not
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aligned with the pitch (longitudinal) axis of the plane in level flight. The nose is
usually higher than the flight path, with the amount of its elevation (called angle
of attack) varying with the weight of the plane (which changes as fuel is con-
sumed and weapons are expended), its G-loading, and its velocity. Therefore, to
maintain level flight, the weight of the aircraft must be compensated for by a pull-
back on the stick, which creates a nose-up attitude along its pitch axis (assuming
upright flight).

All heavier-than-air aircraft have some degree of instability, with jet fighters
being excessively unstable. Therefore, even when the pilot does not initiate new
control inputs, the velocity vector and the altitude of a jet fighter continuously
change unpredictably. This means that many of the control inputs that the pilot
makes are needed just to maintain constant flight parameters. This instability
forces frequent and often continuous attention to collision-avoidance tasks.

Some Sample Maneuvers and Their
Associated Time-to-Die and Free Time
In the low-altitude environment, where ground-clearance tasks dictate most of the
pilot's control inputs, small changes in velocity vector, altitude AGL, and G-forces
create large changes in the time-to-die interval and therefore in the pilot's free
time. We illustrate this by examining three examples of flight paths and maneuvers
regularly performed at low altitude: straight and level flight, level turns, and ridge
crossings as part of terrain masking. In each case, the concern is whether the air-
craft is on a ground-collision course, and if so, how much time the pilot has while
converging with the ground during which he can still initiate a recovery.

Straight and Level. Suppose while flying at 1,000 feet per second at 100
feet altitude AGL on a straight and level course over level terrain, the pilot stops
attending to his velocity vector (because he is looking for his wingman, looking
for a possible enemy aircraft, or changing a radio frequency, which requires a
heads-down position in the cockpit). During this time his jet begins an unintend-
ed and minimal 1-degree descent toward the ground. This change in velocity vec-
tor starts slowly enough that unless the pilot pays attention to ground clearance or
the flight path marker in his head-up display, the descent can continue without
detection. This rate of descent is too small to be picked up quickly enough by
most of his other flight instruments (e.g., attitude indicator, barometric altitude
gauge, radar altimeter, vertical velocity indicator) or his vestibular system (see
chap. 3).

Figure 2.2 shows the loss of altitude AGL as a function of time after the
descent begins. This graph is pure physics and concerns the time it will take the
aircraft to impact the ground. At this speed, a negative flight path angle of 1
degree with the horizontal produces a negative vertical velocity of 16 feet per sec-
ond, so at 100 feet altitude AGL, impact with the ground occurs in just under 7
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FIG. 2.2. An aircraft, traveling at 1,000 feet per second at 100 feet altitude AGL
that begins a 1-degree unintended wings level descent will lose altitude at a con-
stant 16 feet per second and will impact the ground in 6.67 seconds, at a location
6,667 feet from where the descent began.

seconds. Doubling the altitude AGL doubles the time until impact. Unfortunately,
this is about the only maneuver in which the time until impact is linearly related
to altitude AGL.

The free time for a 1-degree wings level descent from 100 feet altitude AGL is
much shorter than the 6.7 seconds shown in Fig. 2.2. At what point in time does
collision with the ground become irreversible, regardless of what the pilot does?
Detecting the descent by the pilot takes some time, and after detection, a decision
to act is needed. Then the pilot has to respond by pulling back on the stick, and
then the aircraft itself needs to recover. Although the stick movement will produce
a nearly instantaneous change in the orientation of the nose (angle of attack), the
velocity vector changes from negative to positive more slowly; the plane contin-
ues mushing toward the ground, until the changed angle of the control surfaces of
the aircraft begins to return the aircraft to a positive flight path angle. Miller's
(1983) training manual shows that the detection, decision, and response times of
the pilot and the response time of the aircraft consume 2.5 seconds, so the time-
to-die is 2.5 seconds. Once the plane gets within 2.5 seconds of impact at this rate
of descent, the pilot is dead meat, though he will live several seconds more. His
free time at 100 feet altitude AGL in this example is just over 4 seconds—the time
until he can no longer prevent impact.

The same physics and free time apply if, instead of a 1-degree change in the
flight path angle of the velocity vector, the terrain changes from a level grade to
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a 1-degree upslope. Impact occurs in less than 7 seconds in the absence of a con-
trol input, and the pilot still has only 4 seconds in which to detect the change in
terrain.

Level Turns. A very common maneuver at low altitude is to make a level
turn—a horizontal change in direction while maintaining a constant altitude AGL.
The pilot enters the turn by banking the aircraft into the turn while simultaneous-
ly pulling back on the stick, thereby adding G-forces parallel to the lift vector of
the aircraft. The higher the bank angle (with the corresponding number of added
G-forces), the faster the rate of turn, and the smaller the turning radius. Thus, the
pilot controls the rate of turn and the turn radius through manipulation of the stick
(with rarely any adjustment of the throttle).

If the pilot only banked, by moving the stick to the side, there would be no
compensatory addition of G-forces to offset the loss of lift opposing gravity, and
the aircraft would slip sideways and downward toward the ground. Consequently,
to maintain a level turn with no loss or gain in altitude AGL, the pilot must exact-
ly synchronize the degree of bank angle with the proper amount of G-forces added
by also pulling back on the stick as he banks. For example, to go from wings level
flight (1 G) to 30 degrees bank angle requires the addition of 0.15 G. An addition-
al 30 degrees of bank needs another 0.85 G. Especially beyond 60 degrees of
bank, Gs must be added in an ever-accelerating fashion, so that massive G-forces
are needed to make very tight turns. (Because adding G-forces to the aircraft also
adds them to the pilot, their physiological and psychological effects must also be
considered. These are substantial and potentially overwhelming.)

The pilot can coordinate his bank angle and G-forces to maintain a level turn by
watching the ground and the horizon out the canopy and adding or subtracting bank
angle (or G) as needed to keep the turn level. To do this, he does not have to know
the numbers, but he must monitor the ground or watch his flight path marker.

However, if he attends to some other flight maneuver or task, physics says the
plane will descend if he has too much bank angle for the appropriate G or too little
G for the appropriate bank angle. That descent is not linear with the amount of
mismatch; altitude AGL is lost at an ever-increasing rate as the bank angle and G
mismatch increases. For example, if a pilot enters an intended level 5-G turn while
flying at 100 feet altitude AGL (which will remain level indefinitely if the bank
angle [75 degrees] and G [5] match), but overbanks by 5 degrees, he will impact
the ground in 3.7 seconds; with 10 degrees overbank, he will impact the ground in
2.6 seconds; and with 15 degrees overbank, impact occurs in only 1.9 seconds.
These are time-to-die values; free time is much less. Miller uses 2.5 seconds for
the time-to-die value for an intended level turn—the time to perceive the mis-
match, decide what to do, react, and have the plane react. Therefore, for a 5-G
intended level turn at 100 feet altitude AGL with a 5-degree overbank, if impact
occurs in 3.7 seconds and time-to-die is 2.5, the free time is barely more than a sec-
ond. It is zero for a 10-degree overbank (impact is in 2.6 seconds and time-to-die is
2.5 seconds), and no recovery is possible from a 15-degree overbank at 100 feet
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altitude AGL. Given these numbers and that overbanking is difficult to detect when
performing other tasks, Miller teaches that there is no free time during a level turn
at 100 feet altitude AGL or less and barely a second at 200 feet altitude AGL.

Overbanking can occasionally be intentional, as when a pilot wishes to make a
rapid descending turn. What a pilot must know about this method of losing alti-
tude, compared to merely entering a wings-level unaccelerating descent, is that
the altitude AGL loss in a descending turn is an accelerating function of time, not
the linear one shown in Fig. 2.2. The aircraft approaches the ground at an ever-
increasing rate. Free time disappears at an ever increasing rate.

Ridge Crossing During Terrain Masking. The third example is a frequent-
ly performed maneuver used during terrain masking, in which the pilot maneuvers
his aircraft to follow the contours of the ground, using combinations of straights,
turns, and dives, as well as rolls, inverted flight, and other high-intensity maneu-
vers. The goal is to keep altitude AGL below 200 feet or less, regardless of the
changes in the terrain, to minimize visual and electronic exposure.

To cross a ridge, however, the pilot has to expose himself by flying higher than
the surrounding terrain. To minimize his risk, the pilot must keep his altitude AGL
at the ridge line as low as possible without actually hitting the ridge. For aerody-
namic reasons, this increases the chances of hitting the ground on the other side.
The complexity of ridge crossing is illustrated in Fig. 2.3, which shows two dif-
ferent ways to perform the maneuver.

Figure 2.3 (top panel) shows in profile the flight path of a fighter approaching
and crossing a ridge line head-on. The approach is with wings level, followed by
a rapid wings level ascent up the ridge wall until the ridge top is just cleared (a
few feet is sufficient!). At the ridgeline, the pilot pushes the stick forward to make
a wings level descent down the other side. This direct approach creates three
problems for the pilot: the plane balloons over the ridge, with too much exposure
on the far side (it takes more time to push a plane down than to pull it up); the
nose of the plane blocks his view of the other side of the ridge as he comes over,
so he cannot see if there is a second ridge waiting to eat him; and the pull down on
the far side exerts negative G-forces on his body, pulling his body out of his seat
and his last meal into his throat (or higher). For each of these reasons, this method
of ridge crossing is never preferred.

The lower panel of Fig. 2.3 shows one typical solution, one that takes advan-
tage of the great maneuverability of jet aircraft. As he begins his approach to the
ridge, the pilot both begins to pull up and to roll his aircraft about its velocity vec-
tor, so that he crosses the highest part of the ridge nearly upside down. To get back
down to the valley bottom on the other side, he either rolls back or the rest of the
way around (depending on the angle at which he approached the ridge), all the
while continuing to pull back on the stick. Now gravitational forces continue to
be positive throughout the entire maneuver, keeping his last meal where it
belongs; being inverted, he can look out the top of the canopy so that the nose of
his aircraft is not in his way. He can see the entire area over the ridge as soon as



30 HABER AND HABER

FIG. 2.3. Two examples of crossing a ridge perpendicular to the direction of
flight. (a) The pilot makes a wings level climb up the ridge and then, after passing
over the ridgeline, makes a wings level descent, (b) The pilot rolls inverted and
pulls going up the front side and over the top of the ridge, and then rolls the remain-
der of the way around, pulling down the backside until he resumes level flight.

he clears the top of the ridge; most importantly, his greater maneuverability under
positive Gs gets him back down faster without the great exposure. Partway down
the backside of the ridge, he rolls out wings level to continue into the new valley.
As can be seen from the lower panel of Fig. 2.3, the pilot has his velocity vector
pointing toward the ground for nearly the entire time spent in this ridge crossing
maneuver—a series of intentional dives toward the ground.
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We have briefly sketched three maneuvers and for each shown the relation
between time and altitude loss as determined by physical principles of aerodynam-
ics. Each of these relationships defines a time-to-die for any given altitude AGL, as
a function of planned or unintentional deviations from level flight. These three
maneuvers have very different time-to-die values and are very different in their
sensitivities to altitude AGL. For example, consider the two maneuvers designed to
maintain level flight. Straight and level is a low-intensity maneuver, in the sense
that the pilot has lots of free time to perform tasks other than monitoring his ground
clearance and can easily buy more free time by adding altitude AGL. In contrast, a
level turn is a high-intensity maneuver, without much free time and little gain in
free time when performed at a higher altitude AGL. Any maneuver in which the
plane actually converges with the ground at low altitude, such as an intentional
dive, is of even greater intensity and allows the pilot no free time at all, as the
remaining altitude approaches the minimum needed to recover from the dive.

These examples of maneuvers show how free time changes as a function of
maneuver intensity and altitude AGL. When pilots know and understand the aero-
dynamics of the maneuvers of their aircraft, then they can always know how
much free time they have for tasks other than ground clearance, and they should
never fly into the dirt.

Although we discussed three maneuvers for illustrative purposes, they are not
a random sample. The low-altitude environment over hostile territory involves
primarily high-intensity maneuvers. One measure of intensity is the amount, vari-
ability, and onset rate of G-forces exerted on the pilot (and plane)—the higher the
G-forces, the greater the variability; and the more rapid the onset time, the higher
the intensity of the maneuver. As an example, Fig. 2.4 shows a 1-minute sample

FIG. 2.4. A 1 -minute record of changing G-forces exerted on an A-10 pilot dur-
ing combat maneuvering at low altitude.
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of the G-forces exerted on an A-10 pilot by his maneuvers over a 30-minute peri-
od of low-altitude attack and masking (Gillingham, Makulous, & Tays, 1982).
The entire record is taken from less than 500 feet altitude AGL, with most of it
from less than 150 feet altitude AGL. Notice that this A-10 pilot did not pull neg-
ative Gs but is always between +1 and +6 Gs, very rarely maintaining a peaceful
1 G for even a second. In any 10-second period, he dives, pulls, turns, and jinks
each several times. The onsets are very rapid. This is typical of high-intensity
maneuvering when flying a mission near the ground. This figure defines many of
the problems for pilots flying in this environment.

SOURCES OF INFORMATION THAT
SPECIFY GROUND CLEARANCE

If a pilot knew his altitude AGL and velocity vector, he could look at upcoming
terrain and never impact it. In this section, we describe the sources of information
available to the pilot that specify his altitude AGL, velocity vector, ground track,
and distance to objects as he flies over natural terrain. As we show, sources of
information are neither equally available nor equivalent in terms of accuracy, tim-
ing, or ease of being processed. To appreciate these differences, we focus here on
the information content itself; in the following section, we describe how that
information is processed and used.

The four sources of the relevant information that a pilot can use in order to
perceive his ground clearance include (a) visual information from the surface
of the terrain; (b) vestibular information from the changes in gravitational
forces acting on the pilot's body (see chap. 3); (c) symbolic information (pri-
marily visual) from flight instruments and displays inside the cockpit (see
chap. 5); and (d) information acquired by the pilot before the flight. The first
three stress concurrent sources, so that their content changes constantly as the
pilot moves; the fourth is more cognitive and is available to select and modify
the first three.

For each of these four sources, we first describe the source itself and the
geometry and physics (and neurophysiology where necessary) that account for
a correlation between changes in the aircraft's location and changes in the con-
tent of the information from the source. We then describe the dependability of
the source.

A dependable source of information is one that is always available for the
pilot to use and whose change in content is highly correlated with changes in the
relative position of the aircraft vis-a-vis the ground. A source that is only some-
times present is less dependable. A source that produces a change indicating
divergence from the ground when, in fact, the aircraft is converging with the
ground is a widowmaker.
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Visual Information From the
Surface of the Terrain
The most important source of information for low-altitude flying comes from the
way the terrain reflects unique patterns of light to the pilot's eyes. Pilots routine-
ly fly over all naturally existing terrains, some with properties that reflect patterns
of light that are highly informative of their distance, orientation, and regularity
with respect to the pilot and some that provide little information about their posi-
tion relative to him. Therefore, analysis of this source of information requires
description of the relevant terrain properties. Four independent properties of ter-
rains are critical for their informativeness about ground clearance: the degree of
irregularity of projections above their surface, the amount of surface texture they
possess, linear perspective arising from the angle of viewing the terrain, and the
amount of fine detail present on objects on the terrain.

Terrain Contour Irregularity. Terrain contour varies from rugged to flat.
Typical examples of rugged terrains include hills, mountains, and extents contain-
ing many vertically projecting objects, such as trees, buildings, or towers. Almost
invariably, rugged terrain also has substantial surface texture (as explained later).
At the other extreme, flat terrains are characterized by an absence of surface irreg-
ularities in height. Typical examples of flat terrain contours include an extended
body of water, a large prairie or desert without trees or other vertical projections,
and a dry lake bed. Flat terrains may or may not have much surface texture.

Moving over rugged terrain produces changes in the dynamic patterning of
light reflected from the terrain to the pilot's eyes that are highly correlated with
changes in the pilot's altitude AGL, velocity vector, and distance to particular
objects on the ground. Therefore, rugged terrain is highly informative about
ground clearance. The primary visual source of this information is the dynamic
optical occlusion of far surfaces by the interposition of near ones in the pilot's line
of sight as he flies over the irregularities (see Owen, 1981, for examples and Cut-
ting, 1986, for a review).

For dynamic optical occlusion to occur, there must be differences in the eleva-
tion of parts of the terrain. A flat surface has nothing in the near ground that proj-
ects upward enough to occlude farther objects or terrain. Therefore, flat terrains
are relatively uninformative to a pilot concerning his ground clearance.

To illustrate the geometric basis for the informativeness of dynamic occlusion
(i.e., the high correlation between changes in occlusion and changes in ground
clearance), Fig. 2.5 shows a side-profile view of a terrain in which a near ridge is
interposed between the pilot and the higher far ridge. The dynamic (changing)
optical occlusion of the far ridge precisely specifies the velocity vector of the air-
craft and therefore whether the plane will clear the near ridge. As the pilot
approaches the near ridge, if more and more of the far ridge becomes visible (as
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FIG. 2.5. A pilot can determine whether his velocity vector will carry him over a
nearby hill by noting the nature of the changing visibility of any farther hill, (a) The
flight path is above the near hill, and more and more of the far hill becomes visible
as the pilot approaches. (b) In a flight path that will impact the low hill, the pilot
should have noticed that more and more of the far hill was being occluded from
view as it was approached.

in the top of Fig. 2.5), his velocity vector must be above the crest of the near ridge
to clear it. In contrast, if more of the far ridge disappears from view as the pilot
approaches it (as in the bottom of Fig. 2.5), his velocity vector must be below the
crest of the near ridge, and the plane will impact it. A near surface covering up a
far one as it is approached signals impending collision. This is probably the single
most important source of information that allows a pilot to fly safely up an irreg-
ularly rising valley without colliding with the outcrops.


