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““Engineers have been aware of the desirability of
designing equipment to meet the requirements of the
human operator, but in most cases have lacked the
scientific data necessary for accomplishing this aim.
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Foreword

As a result of his experience in the United States Army
Air Force during World War II, Dr. Paul M. Ftts fully com-
prehended the need for the translation of human engineering
design criteria and data into a form readily accessible to the
design team. He appreciated the complexity of the typical
crew interface design problem, in terms of the multiple
technologies involved, the interdisciplinary skills required
of the design team, and the many compromises necessary to
achieve a practical solution to a complex design issue. This
belief in the value of concise, reliable human performance
data for practical application by designers was reflected in
his approach to applied problems throughout his profes-
sional career. This concern for enhancing the value of basic
technology to aid the solution of practical problems has
continued to influence the organization responsible for the
development of this Engineering Data Compendium and
thus it represents an extension of Paul Fitts’ conviction that
a well-designed crew interface significantly contributes to
the safety and effectiveness of the system in which it is
incorporated.

This Engineering Data Compendium is the second in a
series of tools aimed at providing the data necessary for the
human engineering design of crew systems. The first was
the two-volume Handbook of Perception and Human Per-
formance, edited by K. Boff, L. Kaufman, and J. Thomas
and published by John Wiley and Sons, New York, in 1986.
The Handbook contains an extensive treatment of the basic
data on perception and performance designed for use by the
human engineering specialist. It can be considered the pri-
mary reference for the Compendium.

Although necessarily limited in scope, e.g., physical an-
thropology is not treated, the Compendium provides in-
depth treatment of human perception and performance in
terms of the variables that influence the human operator’s
ability to acquire and process information, and make effec-
tive decisions. Both subject matter experts and potential
users were consulted on an unprecedented scale in the
course of preparation and review of these volumes and
every effort was made to ensure the practical value of the
data presented. To meet this objective, the guidance and
support of a variety of US federal agencies concerned with
fielding complex systems were obtained throughout the de-
velopment and testing of the Compendium. Potential users

were consulted on all aspects of Compendium development,
including content, readability and packaging. These consul-
tations and extensive field testing are responsible for the
usability of the volumes in typical design settings. For
instance, the presentation anticipates a user who, whilc rea-
sonably sophisticated in the application of technical and
quantitative data, may have little prior training or experi-
ence with a specific technical area of immediate interest.
For this reason, details regarding statistical and methodo-
logical reliability are included. In all entries, data are pre-
sented in an easy-to-use, standardized format and re-scaled
to Systéme International (SI) units wherever appropriate.
The packaging of the individual volumes, including the
binders, volume size, internal organization, composition
and type design, is based on field test results and agency
guidance. Careful attention was paid to data accessibility in
the design of the Compendium. Data may be accessed
through a detailed table of contents, as well as key word in-
dices, glossaries, checklists keyed to specific design topics,
and knowledge maps logically organized to reflect the hier-
archy of topics treated.

The Engineering Data Compendium is packaged in four
volumes — three loose-leaf volumes containing design data
and a bound User’s Guide. It is anticipated that within a
given organizational element, the three data volumecs can be
centrally maintained, with the User’s Guide more generally
available. The three data volumes in the loose-leaf format
can thus be dynamic in the sense that multiple users can
share the common data base they represent.

It was the intention of the editors and the Human Engi-
neering Division of the Armstrong Aerospace Medical Re-
search Laboratory to produce a practical compendium of
human engineering guidance in the tradition of Dr. Paul M.
Fitts. These volumes are offered to the design community at
large for their evaluation of our success in meeting this
objective.

CHARLES BATES, JR.
Director, Human Engineering Division



Preface and Acknowledgments

Attempting to use the research literature in perception and
human performance as a means for guiding tradeoffs be-
tween equipment characteristics and human performance
capabilities or limitations can be a formidable task. This is
due, in part, to difficulties in retrieving and interpreting spe-
cialized data from the multitude of information sources dis-
tributed widely over a variety of report media. The intent of
the Engineering Data Compendium is to provide an alterna-
tive basis for efficient access to the research literature. It is
designed as a professional desk reference for the practi-
tioner in search of pertinent and reliable information on
human perception and performance.

The worth of any secondary reference is inextricably

tied to the user’s trust in the author’s objectivity and cxper-
tise in selecting and interpreting the subjcct matter. In the
dcsign and development of the Compendium, we have
made a deliberate commitment to honor this trust.

The Engineering Data Compendium owes its existcnce
to the efforts, committment and faith of an extraordinary
group of individuals —extraordinary in tcrms of their skills,
dedication, professionalism, endurance, and sheer num-
bers. Below, we provide an outline of the development of
the Compendium so that acknowledgments to contributors
may be placed within the relevant context.

Development of the Compendium

The development of the Engineering Data Compendium in-
volved many iterative stages, procedures, and processes re-
quiring control and communications on an international
scale among many participants and organizations in govern-
ment, industry, and academia. In addition to the formidable
challenges in accessing and dealing with technical data,
many hundreds of hours were spent in planning the logistics
of the contracting, management and production of the Com-
pendium. The principal stages in the development of the
Engineering Data Compendium are briefiy outlined below.

Data Consolidation

The first step in the development of the Engineering Data
Compendium was to identify, collect, and consolidate
human perception and performance data relevant to design
requirements into a primary reference —the Handbook of
Perception and Human Performance. To accomplish this
task, the domains of sensation, perception, human informa-
tion processing, and human performance were reviewed.
Forty-five technical subarcas were selected for detailed
treatment on the basis of their potential value to control and
information display design. A team of more than sixty rec-
ognized experts in these technical subareas was assembled
to achieve this data consolidation. The Handbook was com-
pleted in December 1984 and published in two volumes by
John Wiley and Sons in Spring 1986. It has served as the
principle data resource in the development of this Compen-
dium and is frequently cross-referenced as a source of use-
ful background information and more detailed treatment of
selected empirical and theoretical topics.

Data Selection and Evaluation

The selection and evaluation of data appropriate for the En-
gineering Data Compendium were accomplished through a
series of structured reviews of selected data sources and the
candidate items extracted from them. Specialists familiar
with a given topic area first reviewed information on that
topic contained in the primary data source (the Handbook or
applied literature) and selected candidate data items for the
Compendium. A brief proposal was prepared for each data
itemn that specified the anticipated treatment in the final
entry, including data functions, illustrations, and citations
of original reference sources (journal articles, technical re-

ports, etc.). This proposal was then cvaluated by at least
three reviewers with expert knowledge in the subjcct area.
Candidate data items werc asscssed for applicability (gcner-
alizability and usefulness for system dcsign), rcpresenta-
tiveness (soundness and currency of the data), and overall
appropriateness for the Compendium. Reviewcrs were free
to suggest alternative or supplementary data on the specific
topic, recommend different organization or trcatment, or re-
Jject the proposed data item altogether as inappropriate for
the Engineering Data Compendium.

Entry Development

Candidate data items that passed this review werc assigned
to selected contributors who completed the ncccssary re-
search and prepared draft entries in the rcquired format.
These drafts underwent an intensive editorial and technical
audit that included recursive evaluations of each cntry
against the original candidate entry proposals as wcll as the
data sources on which the entries wcre based. Special atten-
tion was given to ensuring that details of thc methodology,
data analysis, and experimental results werc represented ac-
curately in the entry (and that the errors occasionally found
in the original reference sources werc not reproduced in the
Compendium). Many entries were rewrittcn, combined, or
eliminated during this editing stage.

Edited entries were then sent for review to subject mat-
ter experts and, whercver possible, to systcm designcrs.
The entries were evaluated along three dimensions:

(1) Relevance: Will the information be uscful to the tar-
gct groups, or is it of purely academic intercst?

(2) Content: Is the basic information thoroughly reprc-
sented? Is it accurate and usable as prescnted?

(3) Form and style: Does the entry adhcrc to the prc-
scribed format? Is it written in clear and concise languagc?

During the course of thc successive outsidc rcvicws that
occurred as each data item progressed from entry proposal
to final written entry, thc qualifications and background of
the reviewers selected shifted from expertisc in the specific
subject matter under review to experience with the condi-
tions under which the information could be applied. This
procedure assured that the information in thc Compendium
would not only be accurate and up to date but also relevant
to system design needs and comprehensible to non-special-
ists in the field.

xiii



Prototype

In 1984, a prototype version of the Compendium was pro-
duced, both to provide suitable materials for on-going field
evaluations and to serve as an interim product in sustaining
the enthusiasm of the project’s patient sponsors at DoD and
NASA.

The prototype Compendium was comprised of two tech-
nical sections dealing with stereoscopic vision and vibration
and display perception. These topic areas were developed in
full to demonstrate the flexibility of the format in covering
various topics as well as different categories of information
(e.g., data, models, tutorials). So that the prototype would
fully embody the image and feel of the final product, we
designed and incorporated front matter, keyword indices,
glossaries, and other organizational and packaging ele-
ments. Compilation of the prototype served as a trial by fire
for IPID project team members that allowed the refinement
of managerial and editorial procedures to make production
of the final volumes flow more smoothly.

Final Preparation

Final preparation of the entries for publication involvcd in-
teractive audits, edits, reviews and much retyping across

multiple drafts. Quality control concerns were central to our
processing of the entry manuscripts. Quantitative formula-
tions, authors’ names, and reference citations were checked
and rechecked. Several thousand figures, tables, and illus-
trations were drafted, converted to Sl (Systéme Interna-
tional) units, reviewed, proofed and corrected. Permissions
for the use of copyrighted matenials were sought and paid
for, and the multitude of individual credit lines specified by
copyright holders were inserted.

Production

To maintain control over Compendium design, produet
quality, and costs to the final eonsumer, we assumed the tra-
ditional role of publisher in managing the production, man-
ufacturing and distribution of the Compendium. This
included the complete design of the document (artwork de-
sign, type style and layout of text, binder design), type
composition, proofreading of galleys and page proofs,
printing and photographic work, binder manufacture and
packaging. In addition, we took primary responsibility for
defining the logistics for the shipping, handling, warehous-
ing and distribution of the Compendium.

Acknowledgment of the Cast

It is difficult, given a project of this scope, to acknowledgc
appropriately the contributions and dedication of the many
individuals indispensable to its success. This task is further
complicated by the many different roles assumed by con-
tributors, including fiscal support, management, and ad-
ministrative and secretarial support. All of these individuals
deserve considerably greater recognition for their contribu-
tions than can possibly be achieved by this acknowledg-
ment. Without doubt, we have inadvertently omitted some
individuals who made contributions; for this, we sincerely
apologize.

The program was accomplished under USAF project
7184, task 26, work units 02, 03 and 06. Crucial support
was provided by Colonel Donald Carter in his role as Pro-
gram Manager of the program elcment under which this
Compendium was funded. It was managed through the
offices of the Visual Display Systems Branch of the Fitts
Human Engineering Division of the Armstrong Acrospacc
Medical Research Laboratory, Wright-Patterson Air Force
Base, OH. Thomas A. Furness 111, Branch Chief, and
Charles Bates, Jr., Division Chief, provided encouragement
and moral support during the many periods of frustration in-
evitable in a project of this size. Most importantly, they cre-
ated an environment in which novel ideas, such as the one
that inspired this project, could be nurtured and sustained
through final delivery of products. As the Compendium
took form, Charlie orchestrated the support and marshalled
the resources needed for its production and widespread dis-
tribution throughout the international human engineering
community.

In the branch and the Fitts Human Engineering Divi-
sion, we are indebted to many individuals for support and
constructive criticism that helped define the project’s con-
ceptual basis and immeasurably improved the quality of the
produet. Gloria Calhoun aided much of the early planning
that enabled the project to flourish. Herschel Self contrib-
uted long hours and enormous intellectual effort in the
review, editing and critiquing of Compendium entrics. Her-
sehel single-handedly drafted the thousands of design-re-

Xiv

lated questions that comprise the design checklists in the
User’s Guide (Vol. 1V). Robert Eggleston contributed many
thoughtful suggestions and much personal energy in aiding
major aspects of the project. David Post, our resident eolor
perception expert, gave generously of his time and expertise
to ensure the technical accuracy of the treatment of color
vision in the Compendium. Professional contributions and
peer reviews were also provided by Mark Cannon, Bill
Crawford, Thomas Furness, Fran Green, Michacl Haas,
Steve Heckart, Gilbert Kuperman, Grant McMillan, Wayne
Martin, Gary Reid, Donald Topmiller, Sharon Ward, Rich-
ard Warren, and Melvin Warrick. Al Chapin, Division Cus-
todian, made heroic efforts to ensure that the speeial binder
requirements for the Compendium would be met. Last, but
by no means least, Barbara Osman, Executive Secretary for
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volumes of projcct correspondence. Sandy Stevenson expe-
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Bioengineering Division of the Armstrong Aerospace Med-
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tributions by Tim Anderson, Jim Brinkley. Urena Erasmo,
Charles Harris, Richard McKinley, Thomas Moore, Charles
Nixon, Daniel Repperger, Richard Shoenberger, Mark Ste-
phenson, Bill Welde, and Robert Van Patten.

Ken Zimmerman and Patricia Lewandowski, of the
AAMRL Scientific and Technical Information Office,
worked with the appropriate agency officials to clear many
limited-distribution government documents for public re-
lease so that useful data from these reports could be in-
cluded in the Compendium.

The 1dea for the project evolved from a forimer Air Forcc
effort for which much inspiration is owed our colleagucs
Patricia Knoop, Lawrence Reed, Rick Gill, Bert Cream,
Don Gum, and Gordon Eckstrand. Belief in the idea of an




Engineering Data Compendium and its potential value to
the design engineering community spurred Art Doty, former
Chief Engineer for the Air Force Deputy for Simulators, to
agree to provide major sponsorship of this project. There is
little doubt that this initial support opened the doors to sub-
sequent multi-agency funding that supported the project
and, in fact, enabled its survival. We are also grateful for
the steadfast support and trust throughout the project pro-
vided by the Office of the Air Force Deputy for Training
Systems (formally the Deputy for Simulators), presently
under the leadership of Colonel Wayne Lobbestael. Many
useful suggestions and valuable support were rendered by
the technical and administrative staffs of the Training
Systems SPO. In particular, we wish to acknowledge Jim
Basinger, George Dickison, Jim O’Connell (current Chief
Engineer), Bob Swab, Chris Hanson, and Nancy Droz.

Special acknowledgment is due to Edward A. Martin of
the Training Systems Division of the Air Force Deputy for
Equipment Engineering. Ed graciously gave of his time and
made significant conceptual contributions during all phases
of this project. More importantly, Ed’s role as Engineering
Technical Advisor has been invaluable in maintaining liai-
son and rapport with the engineering community, thereby
ensuring the relevance of the project to engineering needs.
Significant suggestions and support were provided by
many others of the Wright Field community, in particular,
Richard Heintzman, Richard O’Dell, Jim Brown, Royce
Few, Tom Kelly, and Bill Curtice.

In addition to the Armstrong Aerospace Medical
Research Laboratory and the Air Force Deputy for Train-
ing Systems, agencies within each of the Armed Services
and the National Aeronautics and Space Administration
(NASA) provided financial and technical support. The prin-
cipal individuals involved in this vital support are: Walter
Chambers and Dennis Wightman of the Naval Training
Systems Center, Orlando, FL (NTSC); Stan Collyer, now
with Naval Systems Command, who initiated Navy partici-
pation in the project; Charles Gainer, Chief of the Army
Research Institute (ARI) Field Unit at Ft. Rucker, AL; Clar-
ence Fry of the Army Human Engineering Laboratory, Ab-
erdeen Proving Grounds, MD; Thomas Longridge,
formerly with the Air Force Human Resources Laboratory,
now with ARI, Ft. Rucker; Melvin Montemerlo, NASA
Headquarters, Washington, D.C.; Walter Truskowski of
NASA Goddard Space Flight Centcr, MD; and David Nagel
of NASA Ames Research Center, CA.

Particularly worthy of acknowledgment is the outstand-
ing demonstration of support and approval for our efforts by
NATO’s Advisory Group for Aerospace Research and De-
velopment (AGARD) and its Technical Director, Irving C.
Statler. He readily supported the recommendation of Air
Commodore G.K.M. Maat, Royal Netherlands Air Force,
and Colonel K. Jessen, Royal Danish Air Force, Chairman
and Vice Chairman, respectively, of the Aerospace Medical
Panel of AGARD, to cost-share the manufacture of this
Compendium to ensure its distribution throughout the
NATO countries. For expediting NATO participation in the
production of the Compendium, we are further indebted to
George Hart, Technical Information Panel Executive, and
Majors L.B. Crowell and John Winship, Canadian Forces,
Aerospace Medical Panel Executives.

The project was principally supported and staffed by
the University of Dayton Research Institute (UDRI),
MacAulay-Brown, Inc., and Systems Research Labora-

tories, Dayton, OH, and by the Essex Corporation, Wcst-
lake Village, CA.

The University of Dayton Research Institute (UDRI)
was the principal organization providing support to the Inte-
grated Perceptual Information for Designers (1P1D) Projcct
and was integrally involved in the development of the
Handbook of Perception and Human Performance and this
Engineering Data Compendium. Throughout this effort,
UDRI was indispensable in maintaining the high technical
and scholarly standards we set ourselves. Indeed, the con-
tributions of UDRI to achieving the goals of this project
went far beyond their contractual obligations. In particular,
we are grateful for the benevolent oversight of George
Nolan, Director of the Research Institute, and thc zcalous
and protective IPID project management by Karcn Pettus.
Not only was Karen an outstanding program manager, but
she took unusual personal pride in and responsibility for the
work at each and every step of the project.

UDRI also played the lead role in quality control, copy-
editing, copyright permissions and development of the
User’s Guide, among myriad other technical processing
functions. Aided by student cadre, Anita Cochran managed
and personally shouldered much of the responsibility for ac-
complishing these functions. Anita has been a very special
person to all of us on this project. Her commitment to cxccl-
lence and her everpresent scnse of humor arc appreciatcd
beyond our ability to express in this acknowledgment.
Stevie Hardyal, Associate Copy Editor, madc significant
contributions to entry style and took primary responsibility
for defining the binding and packaging options for the Com-
pendium. Over the duration of this project, dozens of UD
students supported this effort in part-time employment.
Several, in particular, endured and contributed in significant
ways. Jeff Landis assumed a great deal of personal respon-
sibility for ensuring the accuracy and quality of many com-
ponent elements of the Compendium. Michele Gilkison,
among other tasks, personally directed the massive job of
soliciting, recording, and auditing thousands of permissions
for the use of copyrighted materials in the Compcndium.
Patrick Hess, Bill Harper, Kirsten Means, and Larry Sauer
all had important influence on the quality of this work.
Many of the figures in the Compendium were draftcd with
the help of UD student aidcs. These included Dennis
Weatherby, Allen Baradora, Stephen Cook, Andrew
Dejaco, Catherine Fuchs, Russell Velego, Jolene Boutin,
Denise McCollum, and Julie Gerdecman. Much of the sccre-
tarial and administrative burden of the project at UDRI was
efficiently shouldered in a good-naturcd manner by Jean
Scheer.

Aftcr the bulk of the entries were written, MacAulay-
Brown, Inc., assumed the lead role in managing technical
editing, auditing, peer review, figure drafting, and clcrical
functions, as well as a range of other tasks critical to the
technical credibility of the work. In addition, many infor-
mal contributions were made by members of the technical
staff of MacAulay-Brown. A great deal is owed to the im-
pressive personnel direction and program management of
Gian Cacioppo. Gian single-handedly built thc MacAulay-
Brown team machine that got the job done. No less critical
was the day-to-day detailed management of entry process-
ing accomplished by Judy Williams, Kathy Martin, and
Patricia Browne, in turn. Barbara Palmer, Senior Technical
Editor, was the gatekeeper for standards of excellence and
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technical accuracy at MacAulay-Brown. Martha Gordon,
Associate Technical Editor, made many lasting contribu-
tions, including the detection of numerous errors in original
published source materials that would otherwise have been
perpetuated in the Compendium. Mark Jones, a graduate of
the UD Handbook team, served loyally as a troubleshootcr
through much of the project. Among other tasks, he
searched out the people and the means to get official public
release of many DoD documents. As we began to push the
time limits of the project, many members of the staff con-
tributed to getting the job done. We are grateful for the
efforts of Marie Palmer, Jan Cox, Debbie Warner, Joyce
Jones, Laura Anderson, and Jeff Agnew. In addition, valu-
able management and administrative support was provided
by John MacAulay, Aulay Carlson, Ron Loeliger, and
Donna Stafford.

The Human Engineering Program Office of Systems
Research Laboratories also played a major cnabling role in
the development and production of the Compendium. Many
individuals made invaluable technical contributions to the
content and design of entries, motivated by professional
dedication to the quality of thc product rather than mere
contractual obligations. There is little doubt that the profes-
sionalism we so fortunatcly tapped with this effort owes
much to the personal model and leadership style of Ken
Bish, Manager of the HE Project Office. Diana Nelson,
Human Factors Group Manager, committed much per-
sonal energy to the project both as an expert reviewer and
as an administrator of the technical supporting staff. Sarah
Osgood and Becky Donovan immersed themselves in the
critical task of providing a quality control check of the gal-
leys and final page proofs. We are particularly grateful for
their willingness to jump into the fray and gct the job donc
right. We are thankful for the efforts on behalf of the project
by Pat Wabler (Office Manager); Sean Layne and Robcrt
Linder (student aides); and Chuck Skinn and Joyce Sibley
(Systems Research Laboratories, Biodynamics and Bio-
Engineering Contract Office).

Major contributions to thc final style and quality ap-
pearance of the Compendium were made by thc Systcms
Research Laboratories Corporate Graphics/Photo Lab.
Dale Fox served as Director of Design for the 1PID Project,
making many personal innovative contributions as well as
directing the creative talents of an outstanding tcam of
professionals. We were particularly impressed by the at-
tention to detail, aesthetics, and excellence brought to the
project by Bethann Thompson. Equally important to this
project were the efforts of Cynthia Poto, Ken Miracle, and
Clarence Randall, Jr.

Working under a subcontract to MacAulay-Brown,
Inc.. Essex Corporation (Westlake Village, CA) organized
the preparation and initial technical editing of entries in a
range of applied research areas (e.g., person-computer
interaction) which are now distributed throughout the three
volumes. Many members of the Essex technical staff con-
tributed as writers, editors, and reviewers. In addition, the
activities of a number of outside experts were orchestrated
to the benefit of the Compendium. The single-minded com-
mitment to excellence and personal integrity demonstrated
by Chuck Semple, the Essex Project Manager, provided a
model for all. Chuck often burned the midnight oil to meet
his personal goals for this effort.
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Schiffier, Lt. Greg Szafranski.
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Our sincere thanks are also offered to the many publish-
ers and authors who gave us permission to reprint the fig-
ures and illustrations in the Compendium.
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Kraft, Richard Farrell, John Booth, and Wolf Hebenstreit
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Introduction

In science, by a fiction as remarkable as any to be found in law, what
has once been published, even though it be in the Russian language,
is spoken of as known, and it is too often forgotten that the rediscov-
ery in the library may be a more difficult and uncertain process than
the first discovery in the laboratory.

Lord Rayleigh (1884)

Despite spectacular advances in display systems and data
handling technologies, modern crew systems confront their
operators with a staggering volume of codified information
that competes for scarce attentional and control resources.
Unabated, these increasing psychological and physiological
demands have the potential to undermine critical technology
gains in system performance. While it is generally accepted
that the ability of the human operator to acquire and process
task-critical information is a key contributor to system ef-
fectivencess, significant difficulties arisc in translating this
realization into meaningful action in system design and ac-
quisition. Recognition of the problem has spurred concerted
efforts across the Department of Defense to influence early
design tradeoffs in favor of an improved match between
system specifications and operator characteristics.

Whether or not an optimal fit will be achieved between
system capabilitics and the perceptual and performance ca-
pabilities of the operator depends, among other things, on
the nature of the design process, the inclinations and biases
of designers, and the availability of usable data resources.
In particular, human performance data are needed in a form
and at a level of precision that will allow operator charac-
teristics to be traded off against other design variables
(Ref. 1).

While a good deal of potentially useful human perfor-
mance data exist, these data have had very little direct im-
pact on the design of system interfaces. In large measure,
this failure to translate relevant research findings into prac-
tice is due to the perceived high costs and risks associated
with their accessibility, interpretability, and applicability
for system design problems.

Accessibility. Much of the research data of potential
value to system designers is embedded in the huge volume
of psychological and technical literature distributed among
countless journals, periodicals, and government and indus-
trial reports. Furthermore, the contextual and theoretical
framework within which researchers typically generate and
disseminate technical information does not necessarily co-
incide with the logical framework or needs of the practi-
tioner. Designers may not readily locate the information
they need in the places they expect to find it (Ref. 2).

Interpretability. The difficulty of the nonspecialist in
understanding and evaluating the technical data found in
traditional sources of ergonoinics information is also a
major problem. Researchers typically feel little responsibil-
ity to the applied world beyond reporting their findings in
the scientific literature. Hence, interpreting scientific com-
munications generally adds considerable overhead and in
fact may be a barrier for the practitioner who lacks the abil-
ity to evaluate the relevance of ergonomics information to
the problem at hand (Ref. 3). The human factors profession
is particularly guilty of failing to tailor the presentation of
human perception and performance data to the needs of
practitioners (Ref. 4).

Applicability. A major problem influencing the use of
ergonomics data is the obvious difficulty and continuing
controversy regarding the relevance and translatability of
research data to practice (Refs. 5, 6). Not only are data col-
lected under highly controlled circumstances, but the exper-
imental conditions set by researchers are often so synthetic
that a major stretch of the imagination is required to find
analogous circumstances in the real world to which these
conditions might relate. The concern is that data collected
under such highly limiting conditions cannot be rcasonably
extrapolated to multivariate environments where it is diffi-
cult to take account of the many interacting factors that may
contribute to performance variability. Unfortunately, this
criticism is also true of most applied multivariate studies in
which the problems of comparing and extrapolating be-
tween experimental and dynamic “*real world™ contributors
to variance are severely compounded. Therefore, if the util-
ity of ergonomics is gauged solely in terms of the extent to
which it can supply *‘cookbook’ answers to designers, then
the ergonomics discipline itself will be judged a failure.
Neither the time nor the resources are ever likely to exist,
particularly in the midst of design problem solving, to eval-
uate parametrically all the conditions pertaining in an inter-
active real-world system problem. Ergonomics data are
useful not because they are directly translatable to multifac-
tor conditions (though some ‘‘cookbook ' answers cxist for
some ‘‘cookbook’” questions), but rather because they offer
cues, clues, and confirmations to support the designer’s rea-
soning processes (Refs. 3, 7).

The Engineering Data Compendium: Human Percep-
tion and Performance produced under the Integrated Per-
ceptual Information for Designers (IPID) project is intended
to provide ergonomics data as a technical resource for
system design. To help ensure that the Engineering Data
Compendium finds its way to the designer’s workbench,
rather than simply to the designer’s bookshelf, the presenta-
tion of information has been tailored to the needs of the
user. In particular, during development of the Compen-
dium, systematic attention has been given to: (a) defining
and validating approaches to effectively communicating er-
gonomics data to system designers in terms of presentation
format, style, terminology, and level of technical content;
and (b) enhancing the accessibility of specific technical in-
formation relevant to design problems by providing the user
with reliable means of locating specific data.

In the development of the Engineering Data Compen-
dium, we have learned from previous efforts in this areua
(Refs. 8-12) and have freely borrowed and integrated their
successful elements into our approach. Nevertheless, the
Compendium does have several unique features: one is the
range and depth of the perception and performance data
treated; another is the approach devised for communicating
this information so that it is both comprehensible and acces-
sible to the intended user.
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What the Compendium Contains

The available body of psychological research contains a
staggering volume of human perceptual and performance
data and principles that are of potential value to system de-
sign. This includes data regarding basic sensory capacities
and limitations (contrast sensitivity, spatial/temporal cye
movement dynamics, aural and vestibular thresholds. etc.),
as well as perception and human information processing
(visual, aural, and proprioceptive pattern recognition, infor-
mation portrayal, ctc.). In the Engineering Data Compen-
dium, basic data and principles from these areas are treated
in depth and combined with applied human factors data into
a single comprehensive reference source.

Eight classes of information are included in the Engi-
neering Data Compendium:

1. Basic and parametric data (¢.g.. dynamic range of
the visual system, spatial and temporal contrast sensitivity
functions, physical response constants of the vestibular
system, receiver operating characteristic curves).

2. Models and quantitative laws (¢.g.. CIE spaces,
probability summation, operator control models). A model
or law had to meet two criteria in order to be included: (a) it
had to provide a way of interpolating or extrapolating exist-
ing data and relating them to a specific application, either
to answer a design question directly or to specify the re-
search needed to answer the question; and (b) it had to have
a well defined and documented domain of reliable applica-
tion.

3. Principles and nonquantitative or nonprecise for-
mulations that express important charactenistics of or trends
in perception and performance (c.g.. Gestalt grouping prin-
ciples, interrelationship between size and distance judg-
ments, depth and distance cues).

4. Phenomena that are inherently qualitative or that are
general and pervasive, although quantitatively described in

specific instances (e.g., simultancous brightness contrast,
visuaf illusions, motion aftereffects).

5. Summary tables consolidating data derived from a
body of studies related to a certain aspect of sensation, per-
ception, or performance (e.g., table showing different acu-
ity limits as measured with Landolt rings, grating patterns,
etc.; table summarizing the effects of various factors known
to affect stereoacuity).

6. Background information necessary for understand-
ing and interpreting data entries and models (such as rudi-
mentary anatomy and physiology of sensory systems,
specialized units of measurement or measurement tech-
niques; specific examples are anatomy of the ear, geometry
of retinal image disparity, colorimetry technigues).

7. Section introductions to topical areas that describe
the topic and set out its scope, explain general methods used
in the given area of study. note general constraints regarding
the application of data in the area, and provide references
for further general information.

8. Tutorials containing expository material on general
topics such as psychophysical methods, lincar systems anal-
ysis, signal detection theory, etc., included both to help the
user fully understand and evaluate the material in the Com-
pendium, and to support research and evaluation studies in
engineering development.

To make pertinent information more accessible to the
user, graphic modes of presentation are used wherever
possibfe. The Compendium contains over 2000 figures
and tables, including data graphs, models, schematics,
demonstrations of perceptual phenomena, and descriptions
of methods and techniques. Other features of the Compen-
dium include indicators of data reliability, caveats to data
application, and the use of standardized units of measure-
ment (Systeme International).

Data Presentation

To help the user locate and interpret pertinent information, a
standardized presentation format has been developed for en-
tries in the Engineering Data Compendium that is tailored to
the needs of the design engincer. This format has evolved
over several years through an iterative process of review
and discussion with the user community, sponsors, and con-
sultants. In its present form, it represents our best attempt at
“*human factoring’” the presentation of relevant perceptual
and performance data.

The basic unit of information in the Compendium is the
individual entry addressing a narrow, well-defined topic.
Each entry is centered around a graphic presentation such as
a data function, model, schematic, etc. Supporting text is
compartmentalized into a set of text modules or elements.

Each of these efements provides a concise subunit of in-
formation designed in content and style to support under-
standing and application of the data. The entry format is
described in detail in the User’s Guide (Vol. {V).

The prescribed entry format has the advantages of both
formal structure and adaptive modularity. The appearance
of entries is generally uniform. In most cases, entries are
presented on two facing pages. The type of information
contained in each entry subsection is consistent across en-
tries. Hence, the user can confidently access those elements
needed to interpret or apply the data without being dis-
tracted by information irrelevant to the problem at hand.
The format is also adaptable; only those elements appropri-
ate to a given class or type of entry are presented.

Data Access

The Engineering Data Compendium provides system de-
signers with a wealth of relevant human performance and
perceptual data heretofore unavailable to them in a useful
form. However, access to the data in the Compendium is
complicated by the fact that the perceptual concepts that
underlie the data typically fall outside the scope of the train-
ing or experience of most practitioners. If these concepts are
to be recognized as relevant to specific design problems,
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they must be linked to information or issues familiar to the
designer.

Several different means of accessing material are pro-
vided so that users with different interests and technical
background can readily locate the information pertinent to
their needs.

1. Tables of contents. Two levels of contents listings
are provided: A brief, global table of contents enabling the




user to quickly determine the overall scope and organiza-
tion of the Compendium may be found at the front of each
volume. An expanded table of contents listing all subsec-
tions and entries by title is provided in the User's Guide
(Vol. IV). An expanded contents for each major section of
the Compendium is also located at the beginning of the cor-
responding section.

2. Sectional dividers. Each major section listed in the
table of contents can be located rapidly by means of mar-
ginal tab dividers imprinted with the corresponding subject
area title. Three of the topical sections (Sections 1.0, 5.0
and 7.0) are further subdivided by marginal tabs using size
and color codings appropriate to the hierarchical scheme.

3. Glossary of technical terms. A brief glossary of def-
initions is provided at the beginning of each major topical
section. A consolidated glossary is contained in the User’s
Guide.

4. Indices. A sectional keyword index is provided at
the beginning of each major topical section. This index is
designed to help both naive and experienced users formulate

their search questions in terms of relevant pcreeptual issues
that may then be directly accessed within the Compendium.

5. Logic diagrams. At the beginning of each major top-
ical section is a diagram showing the taxonomic hierarchy
of subtopics and supporting entries for that section.

6. Cross references. Each Compendium entry includes
extensive cross references to other Compendium entries and
to sections of the Handbook of Perceplion and Human Per-
formance (Refs. 11, 12) that provide more detailed treat-
ment of a topic or subtopic, discussion of related topics, or
explanatory material to aid in understanding or interpreting
the data.

7. Design checklists. Found in the User’s Guide are
checklists of design-oriented questions suggesting human
performance variables that should be considered in the
specification of equipment.

In addition, the User’s Guide comprising Volume IV of
the Compendium provides instructions for accessing data
and a description of the format and organization of informa-
tion in the Compendium.
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4.1 Memory

4.101 Factors Affecting Acoustic Memory
Factor Methodology Effect on Recall References
Presentation rate Dichotic listening With slow presentation (one pair per sec) items Ref. 1
reported in temporal order; with fast presentation (two
pairs per sec) material to one ear reported first, then
material to other
Acoustic similarity of list items Serial recall The greater the acoustic similarity, the poorer the Ref. 5
recall for the most recently presented items
Duration of masking stimulus Backward masking No effect Ref. 7
Interval between target and mask Backward masking Intervals <250 msec result in interference, which in-  Ref. 7
creases as the target and mask become closer; in- CRef. 7.206
tervals > 250 msec result in no interference
Laterality of mask Backward masking A masking stimulus has equal effect regardless of CRef. 8.307
whether it is presented to the same ear or the op-
posite ear as the target item
Presence of suffix at varying interval  Serial recall with A suffix presented simultaneously with the last test Ref. 3
after last memory item suffix item has little, if any, effect; a suffix presented after CRef. 4.102
an intermediate delay of 300-1000 msec yields a
maximal decrease in recall of the last test item; a
suffix presented >2 sec after the last test item has
little, if any, effect. The delay yielding maximal decrease
in recall is independent of item presentation rate. If
the suffix is relatively loud (when compared to the
memory items), the function becomes monotonically
decreasing rather than inverted-U shaped
Acoustic similarity of suffix and list Serial recall The greater the acoustic similarity (pitch, voice, in- Refs. 5, 8
items tensity, spectral characteristics), the smaller the
memory advantage for the last item presented
Semantic similarity of suffix and list Serial recall No effect Ref. 8
items
Suffix in different ear from list Serial recall Better recall for most recent items than if in same Ref. 8
ear. Binaural (both ears) suffix produces fewer errors  CRef. 4.102
than ipsilateral (same side) suffix if list is presented
to only one ear
Multiple suffixes Serial recall Better recall for most recent items than with only Ref. 4
one suffix CRef. 4.102

Key Terms

Backward masking; dichotic listening; echoic memory; pre-
categorical acoustic store; recency effect; serial recall

General Description

Short-term recall and backward masking experiments in-
dicate the existence of an auditory sensory memory (termed
echoic memory), which briefly retains a relatively unpro-
cessed auditory image of acoustic input. The accompanying
table lists several factors that affect echoic memory and
summarizes their effects on the retention of acoustic infor-
mation. In a dichotic listening (split-span) task, pairs of
items (such as words or numbers) are presented simulta-
neously, one to each ear, and the subject then recalls the
items presented. In a serial recall task, lists of items (such as
numbers, words, or nonsense syllables) are presented to
subjects, who then must recall the items in the order in
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which they were heard. Subjects typically show better recall
for items at the beginning (primacy effect) and end (recency
effect) of the list than for items in the middle of the list. The
memory list may be followed by a suffix — an additional
item presented at the end of the list which does not necd to
be recalled by subjects. The presence of a suffix may elimi-
nate the memory advantage for the most recently presented
list items (recency effect). In a backward-masking task, a
test item (such as a tone or vowel sound) is presented briefly
and is followed after a short interval by a masking stimulus
(which may be similar to or different from the test item).
The subject must detect the test item or identify which of
two or more alternative test items 1s presented on a given
trial.

Boff, K. R., & Lincoln, J. E. En: ineelfngvData Compendium: Human
Perception and Performance. AAMRL, Wrighl-Palterson AFB, OH, 1988.
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Constraints

e The effect of any one factor on auditory memory depends
heavily on the methodology used.

Key References
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serial position, suffix and response
prefix on probed recall;

7.206 Divided versus selective at-
tention: effect on auditory recogni-
tion accuracy;

8.307 Noise masking of speech: ef-
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4.1 Memory

4.102 Acoustic Memory: Effect of Serial Position, Suffix,
and Response Prefix on Probed Recall

Key Terms

Echoic memory; interference; primacy effect; recency ef-
fect; serial recall; suffix effect

General Description

Items at the beginning or end of an auditorially presentcd
list are recalled more accurately than are items in the middle
of the list. The memory advantage for items early in the list
is called the primacy effcct, and for those late in the list, the
recency effect. Auditory presentation of a suffix (an addi-
tional item such as “‘zero’ or “‘uh...” presented after the
list to be recalled) diminishes recall and particularly dimin-
ishes the recency effect. Semantic differences between the
suffix and list items do not change the effect. Physical dif-
ferences betwcen suffix and items partially restore the re-
cency advantage. Having subjects say an item (e.g., “*zero”
or “‘uh..."") after list presentation and prior to the begin-
ning of recall (i.e., as aresponse prefix) has the same effect
as a suffix, except that the last item on the list is remem-
bered as well as when there ts no prefix or suffix.

empty (“‘uh...""), or physically
similar or dissimilar to list items;
suffixes presented to both ears or to
the same ear or the opposite car as

Methods

Test Conditions
® Probed recall task required sub-

jects to listen to orally presented se-
ries of digits and then fill in one or
more missing digits on a written
card containing the same series of
digits

¢ Randomized lists of eight or nine
digits, six animal or utensil names,
or eight words selected from one of
two frequency-of-occurrence
classes and one of three rated emo-
tionality classes; presented mon-
aurally or binaurally over
headphones at the rate of two items
per sec

e Lists presented alonc or followed
by a suffix or a response prefix
(**zero” or **uh™); suffix could be
semantically similar or dissimilar
to prelist items or semantically

was a set of list items; subjective
loudness and pitch for suffixes
were either the same or twice that
of the list item; subject either said
or wrote response prefix

¢ 10-54 subjects per condition;
36-200 tnials per condition

Experimental Procedure

¢ Independent variables: serial po-
sition of item in list, suffix (pres-
ence or absence), response prefix
(presence or absence), semantic
similarity of suffix to list items,
meaningfulness of suffix and re-
sponse prefix, acoustic similarity
(loudness, pitch, voice, ear of pre-
sentation) of suffix to list items,
semantic similarity of list items,

Error Probability

0.1 0O = Prefix
| = Suffix

| | ® = Control

@ 1 2 3 4 5% 6 7 8 9 10

Serlal Position

Figure 1. Probability of an error In serlal recall of a digit as
a function of its position In a nine-digit list. Memory list was
presented alone (control condition), followed by an addi-
tlonal nonmemory item (suffix condition), or subject spoke
the word “zero” prior to beginning list recall {response-
prefix condition). Relatlve loudness and pltch of the prefix
and suffix are assumed to be the same. No Information was
glven on prefix-suffix semantic and physical simllaritles/

dissimilarities. Both prefix and suffix were presented to

both ears. (From Ref. 3)

frequency of occurrence and emo-
tionality of lisl items

¢ Dependent variable: recall accu-
racy at each list position

e Subject’s task: recall (in writing),
immediately following presenta-
tion, the list items in order of pre-
sentation; for the response prefix

and suffix conditions recall (from
the series of digits just hcard) only
the absent digits (probed recall)

® Subjects were college students
or homemakers

¢ Conditions were appropriately
counterbalanced

Experimental Results

¢ Initial and final items in a list presented auditorily are re-
called with less error than middle list items.

® An auditory suffix reduces recall at all list positions, but
most markedly at the last list position (p<<0.002).

¢ An audttory response prefix reduces recall at all list posi-
tions except for the last item in the list.

® Semantic variables, such as frequency of occurrence,
meaningfulness, emotionality, or meaning relationship be-
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tween suffix and list items, do not affect the suffix effects

(data not shown).

® Physical differences between the suffix and list items,
such as ear of presentation, loudness, pitch, or voice, di-
minish the effect of the suffix (data not shown).

Variability

Significance of differences (p <0.05) was usually detcr-
mined by one- or two-tailed Wilcoxon tests or sign tests.
Results replicated across many subjects and experiments.

Boff, K. R., & Lincoln, J. E. Engineering Data Compendium: Human

Perception and Performance.

MRL, Wright-Patterson AFB, OH, 1988.
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Constraints

e Results apply only to auditory presentation and short term
recall.

e Multiple suffixes diminish the suffix effect.

e List items were individual words. The same result cannot
be generalized to an eight-word sentence, for example.

Key References 2. Crowder, R. G., & Morton, J.
(1969). Precategorical acoustic

1. Crowder, R. G. (1978). Mecha-  storage (PAS). Perception & Psy-
nisms of auditory backward mask- chophysics, 5, 365-373.

ing in the stimulus suffix effect.

Psychological Review, 85,

502-524.

*3. Morton, J., Crowder, R. G.,
& Prussin, H. A. (1971). Experi-
ments with the stimulus suffix ef-
fect. Journal of Experimental
Psychology Monographs, 91,
169-190.

Cross References

Handbook of perception and
human performance, Ch. 26,
Sect. 3.2
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4.1 Memory
4.103 Memory Search Rates
Key Terms

Memory search; recognition memory; serial exhaustive
scanning; short-term memory

General Description

The time to search a list of items in memory for a specified
item (probe) increases linearly as the number of items in the
memory list increases. The search rate is the same whether
the probe is in the list (a target) or is not in the list (a nontar-

gct). Visually degrading the probe stimulus increases the
time to encode the probe (i.e., to represent the probe in
memory), but does not affect the memory search rate.

Methods

Test Conditions

¢ Random series of one to six dig-
its (a memory set) displayed singly
for 1.2 sec each, followed by a
2-scc blank interval, warning
signal, and then probe digit

¢ Probability of occurrence of tar-
get digit (probe contained in mem-
ory set) or nontarget digit (probe
not in memory sel) depended on
memory set size (s): target proba-
bility = (2s) ', nontarget probabil-
ity = [2(10-49)] '

Experimental Procedure
o Two-choice reaction time (RT)

¢ Independent variables: memory
set size (list length), target or non-
target probe item (appeared or did
not appear in list)

¢ Dependent variables: memory
search rate, defined by the slope of
the RT function; combined time to
encode stimuli and respond, de-
fined by the y-intercept of the RT
function

¢ Observer's task: decide whether
probe item was in memorized list
of digits and give manual response;
feedback provided

¢ Payoffs encouraged observer to
respond as quickly as possible
while maintaining low error rate

¢ 8 observers with some practice

procedure; repeated-measures
design

Experimental Results

¢ Time to search through a previously memorized list for a
specified item increases linearly with the number of items in
the list. The linear reaction time (RT) function (fit by the
least squares method) accounts for 99.4% of variance of
mcan overall RTs. This implics that observers scan memory
serially, item by item, instead of scanning all items in
parallel.

¢ The 38-msec slope for the RT function represents the
time it takes to make each memory comparison; thc slope is
the same for both target and nontarget probes. This implics
an exhaustive scan of the list in memorys; if the search termi-
nated as soon as the target item matched the probe item, the
target slope would be half as great as the nontargct slope.

® In arelated study (Ref. 3), different variables were found
to influence various aspects of the RT function. For exam-
ple, degrading the probe stimulus by superimposition of a
checkerboard grid increases the y-intercept (which rcpre-
sents encoding time plus responding time) but does not af-
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600 RT= 397.2 + 379 s

Mean Reactlion Time
{miiliseconds)

500 .
RESPONSE
®=Positive
O = Negative
— = Mean
400
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Number of Memorized Digits, S

Figure 1. Linear reiationship between memory search
time and number of items to be searched in memory. Reac-
tion time is the totai time required to compare a visuaiiy
presented probe digit with a previously memorized iist of
digits and to indicate whether the probe was (positive or
“yes” response) or was not (negative or “no” response)
contained in the memorized iist. The y-intercept represents
the time required to encode the probe stimuius and re-
spond; the siope of the function represents the time re-
quired to compare the probe digit with each item in
memory. (From Ref. 2)

fect the slope of the function (which represents memory
comparison time). This implies that the memory search task
is actually composed of several stages, and that each stage
can be examined independently of the others.

Variability
Error bars represent standard error of + 3.8 msec for the

slope of the response time function. Standard error of the
y-intercept is * 19.3 msec.

Repeatability/Comparison with Other Studies

Numerous other studies have found that reaction time in-
creases linearly with memory set size. However, the impli-
cation that it is more efficient to scan an entire memory list
before checking for a match (exhaustivc scan) than to check
for a match after each comparison has not always been sup-
ported (Ref. 1).

Boff, K. R., & Lincoln, J. E. Engineering Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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Constraints

e Computed values for the slope and y-intercept given here
hold only for the viewing conditions described and should
not be applied, except qualitatively, to different conditions.
o Stimuli used here were very familiar to observers and
memory set lists were small (7 items or fewer); results may
differ for less familiar stimuli and larger lists.

¢ A number of factors (e.g., repetition of probe digits,
probe digits near memory-set boundaries) may cause re-
sponse times to deviate from the serial exhaustive scanning
model proposed to explain the results shown in Fig. 1

(Ref. 1; CRef. 4.105).

*2. Sternberg, S. (1966). High-
speed scanning in human memory.
Science, 153, 652-654.

Key References

1. Baddeley, A. D. (1976). The
psychology of memory (pp. 121-
161). New York: Basic Books.

*3. Sternberg, S. (1969). Memory
scanning: Mental processes re-
vealed by reaction time experi-
ments. American Scientist, 57,
421-457.

Cross References

4.105 Memory search time: effect
of memory probe characteristics,
Handbook of perception and

human performance, Ch. 28,
Sect. 2.1
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4.1 Memory

4.104 Skilled Memory Effect

Key Terms

Expert knowledge; imagery; pattern recognition; problem

solving; training

General Description

For a wide variety of problem-solving domains (e.g., from
games to circuit analysis and architecture), individuals with
expertise in the domain show better memory for information
in the domain than do novices. This effect may result from

(1) the accumulation of a vast store of solutions to particular
problems, and (2) a well-organized conceptual knowledge
base that provides for organizing and storing new

information.

Key References

1. Akin, O. (1982). The psychol-
ogy of architectural design. Lon-
don: Pion.

2. Bransford, J. D., & Johnson,
M. K. (1972). Contextual prerequi-
siles for undersianding: Some in-
vesligalions of comprehension and
recall. Journal of Verbal Learning
and Verbal Behavior, 11, 717-726.

3. Charness, N. (1979). Compo-
nents of skill in bridge. Canadian
Journal of Psychology, 33, 1-16.

4. Chase, W. G., & Ericsson,

A. E. (1982). Skill and working
memory. In G. Bower (Ed.), The
psychology of learning and motiva-
tion (Vol. 16). New York:
Academic Press.

5. Chase, W. G., & Simon, H. A.
(1973). Perception in chess. Cog-
nitive Psychology, 4, 55-81.

6. Chase, W.G., & Simon, H. A.
(1973). The mind’s eye in chess.

In W. G. Chase (Ed.), Visual infor-
mation processing (pp. 216-281).
New York: Academic Press.

7. Chiesi, H. L., Spilich, G.J., &
Voss, 1. F. (1979). Acquisition of
domain-related information in rela-
tion 10 high and low domain knowl-
edge. Journal of Verbal Learning
and Verbal Behavior, 18, 257-273.

8. deGrool. A. (1966). Perceplion
and memory versus thought: Some
old ideas and recent findings. In B.

Kleinmuniz (Ed.), Problem solving
(pp. 19-50). New York: Wiley.

9. Egan, D. E., & Schwartz, B. J.
(1979). Chunking in recall of sym-
bolic drawings. Memory & Cogni-
tion, 7, 149-158.

10. Eisenstadt, M., & Kareev, Y.
(1975). Aspecls of human problem
solving: The use of inlernal repre-
senlations. In D. Norman & D.
Rumelhart (Eds.), Explorations in
cognition (pp. 308-346). San Fran-
cisco: Freeman.

I1.Engle, R. W., & Bukslel, L.
(1978). Memory processes among
bridge players of differing exper-
tise. American Journal of Psvchol-
ogy. 91, 673-689.

12. Jeffries, R., Turner, A. A.,
Polson, P. G., & Atwood, M. E.
(1981). The processes involved in
designing software. InJ. R. Ander-
son (Ed.), Cognitive skills and
their acquisition, Hillsdale, NJ:
Erlbaum.

13. Reitman, J. S. (1976). Skilled
perception in Go: Deducing mem-
ory structures from inter-response
limes. Cognitive Psychology, 8,
336-356.

14. Shneiderman, B. (1976). Ex-
ploralory experimenls in program-
mer behavior. International
Journal of Computer and Informa-
tion Sciences, 5, 123-143.

Cross References

4.102 Acouslic memory: effecl of
serial posilion, suffix, and response
prefix on probed recall;

4.103 Memory search rates;

4.106 Mcmory for visual patierns:
effecl of perceplual organizalion

Table 1. Summary of studies on the skilled memory effect.
Task Domain Test Conditions Results References
Memory for computer pro- Recall FORTRAN code, after brief study Recall of program was a direct function Ref. 14
gramming code (3 min or 15 min) of either a short pro- of amount of programming experience,

gram or a similar number of randomly but recall of random code was essentially

mixed lines of code the same for all groups

Amount of FORTRAN experience (none,

one course, one course plus experience,

and much experience in one study; none

of graduate level in second study) varied

across groups
Baseball knowledge Brief description of baseball game situa- "Experts” could better classify informa- Ref. 7

tions, presented to undergraduates with
high ("experts”) or low ("novices™)
knowledge of baseball

Recognition test or free recall test

tion as "new” when it had notbeen seen
before

"Experts” required fewer prompts to rec-
ognize old information

“Experts” had better recall for baseball,
but not for nonbaseball sequences

"

“Experts’” recall was improved by add-
ing baseball context, but "novices™ was

impaired
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Task Domain Test Conditions Results References
The game of Go Two sets of pattems of playing pieceson ~ Memory for random pattems was similar ~ Ref. 14
a Go board, with 10 actual game patterns  for master and novice (30% versus 25%
and four random placements in each set correct), but master had far superior
0,
Pattern reproduction task, from memory gngeozl)ory o pAms patiae!(G0eiarmes
(after 5 sec of study) or while looking at
pattern Inter-response time (IRT) analysis of
L chunking found patterns similar to those
83:3::;?0%:3\%3&10% novica, seen in chess, but chunks could notbe
reliably indentified from a single IRT
A pair of patterns, one a rotation and re- criterion
flection of the other, viewed as either a . i
> 3 Memory for placement of pieces critical Ref. 10
board pfoé'"?nn {:Sm game of Go or from in one game but not in the other was bet-
SAMOOHOM U ter when board was viewed as an exam-
Subjects were shown each pattern and ple of that game
attempted to reconstruct the board from
memory
The game of bridge Recall of 10 toumament simulation Expert and life master were far superior Ref. 11
hands to others in tournament recall
Reconstruction of 10 structured and 10 Expert and life master remembered
nonstructured bridge hands, either from structured hands much better than cas-
memory after 20 sec of study or while ual and novice players, but all players
looking at hands were equally poor on nonstructured
: . hands
Expert, life master, casual player, novice
. . Expert appeared to chunk by suit and
State line of play for four bridge prob- pOSie{ion P A
lems, followed by unexpected recall of
hands Players with increasing levels of skill Ref. 3
; : : . a) gave better solutions to bridge
Give an opening bid as fast as possible ( rzaglems uhon '
f 20 hands. p .
toeach o (b) had higher recall of hands,
Recall ordered or random bridge hands (c) gave faster and more accurate open-
after 5-sec exposure ing bids, and
. . (d) recalled more cards with ordered but
20 bndge players, novices (0 master not random hands
points) to life masters (300 + points)
Older players were less accurate on
memory tests than younger players at
every skill level
Memory for symbolic circuit 18-36 drawings of standard circuits or Technicians were more accurate in Ref. 9
drawings drawings with randomly placed circuit remembering real circuits than were
elements novices, but the two groups did not differ
Reconstruct circuit after 10 sec of study el el L
e ot Technicians appear to have slightly
E(I)?/?(t:?smcs technicians or undergraduate larger chunks than novices
Recall improved for both groups as study
time increased from 5-15 sec
Chess Master level and weak chess players (5 Masters were far superior to weak play- Ref. 8
subjects at each level) were either shown  ers (90% to 40%) in reconstruction after
a chess position for 5 sec and asked to one look
reconstruct it or asked to guess the posi-
tion of pieces without seeing the board hf:gsterg nge(;‘Ot much better than weak
(“blind guessing”) players in blind guessing
Reconstruct chess positions (from mid- Reproduction accuracy was directly re- Refs. 5, 6

dle game, end game, or random) either
with the position constantly visible (per-
ception task) or from memory after 5-sec
viewings (memory task)

Master, Class A, and beginner level
chess players (one each)

lated to playing strength for actual posi-
tions but not for random positions

Response organization was similar in
perception and memory tasks

Master had information stored in more
and larger chunks
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4.1 Memory

4.105
Characteristics

Memory Search Time: Effect of Memory Probe

Key Terms

Memory search; recognition memory; self-terminating
search; serial exhaustive scanning; short-term memory

General Description

The time taken to search through a list of items in memory
(memory set) for the presence of a specified item (probe)
depends upon the nature of the probe item and of the items
in the memory set. Increasing probe stimulus probability
and recency of senal position of the probed item within the
memory set decreases reaction time for a given probe item.
These results run contrary to those expected if a serial ex-
haustive scan is used to search the items in memory without
processing information about the nature of the items (CRef.

4.103).

Applications

Tasks in which an operator must search through limited sets
of memorized information; systems in which a scan through
stored information results in recording the nature of the

scanned items.

Methods

Test Conditions

Study 1 (Ref. 4)

* Memory set of 4 digits presented
at beginning of session, shown for
2 sec;, memory set constant for en-
tire experiment

* Probe items (digits 1-8) pre-
sented individually at fixated loca-
tion; 4 of the probe digits belonged
to the memory set (target probes)
and 4 did not (nontarget probes)

¢ Each probe digit presented on
50, 25, or 12.5 percent of target or
nontarget trials

¢ All characters 0.48 cm wide by
0.71 cm high

e CRT display; viewing distance
0.61-0.76 m

® Room light provided by one
25-W lamp

Study 2 (Ref. 3)

* Single digits photographed onto
frames of 16-mm film strips and
rear-projected onto screen 0.61 m
(2 ft) in front of observer; each
digit ~2.54 cm high

* |-7 digits in memory set
serially presented, one digit every
1500 msec; new memory set
every trial; presented 800, 2800,
or 4800 msec after last digit of
memory set

852

® 50% of trials contained a target
probe, 50% of tnals contained a
nontarget probe

Experimental Procedure

Study 1

¢ Choice reaction time; repeated
measures design

¢ independent variables: presence
of probe item in memory set (target
or nontarget probe), frequency of
presentation of each probe digit

® Dependent variables: reaction
time, error rate

e Observer's task: indicate whether
probe item was present in memory
set; feedback provided

® 16 subjects, university students
with unknown amount of practice

Study 2

¢ Choice reaction time, repeated
measures design

* Independent variables: memory
set size, presence of probe item in
memory set (target or nontarget),
delay of probe item presentation,
serial position of probe item in
memory set

® Dependent variables: reaction
time, error rate

¢ 12 female observers (ages 13-15)
with some practice; selected on
basis of << 10% error rate

Nontarget set
560 -

540 A

Target set
520

500 1

480 A

Reaction Time (miilisecends)

T 1 T

50 25 125

Frequency of Test Digit (Probe)
Within Set (percent)

—

Figure 1. Memory search with probes of different fre-
quencies (Study 1). The reaction time to indicate whether a
probe digitis contained (target) or is not contained (nontar-
get) in a previousiy memorized iist of digits is shown as a
function of the frequency of occurrence of the probe within
the set of aii target or nontarget probes. (From Ref. 4)

List Length
600 - l\ >
g 6
=@ 550 -
e T 5
o £
=140
7] g OO 4
E # 500 1 — g
8§ E
- 450
A 1
400 v v T T
1 2 3 4
Seriai Position of Probed
Item Within List

Figure2. Memory search as a function of memory set
iength and position of probed item (Study 2). The figure
shows the reiation between the reaction time to indicate
that a probe digit is contained in a previousiy memorized
iist of digits and the seriai position in the memory set of the
item matching the target probe, for memory sets of differ-
ing iengths. The probe digit was aiways presented 800
msec after the iast digit of the memory set. (From Ref. 3)

Boff, K. R., & Lincoln, J. E. En ineen'ng’Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.




Information Storage and Retrieval 4.0

Experimental Results

¢ For both target and nontarget probes (i.e., those in the
memory set and those not, respectively), reaction time de-
creases as probe frequency increases (p <0.001). This is
alinear function for target but not for nontarget probes

(Fig. 1).

® When the probe is presented 800 msec after the end of the
memory list, response time is faster for probe memory set
items near the end of the memory list (a recency effect;

p <0.01) (Fig. 2).

® Observers use different scanning strategies in Study 2.
The slope of the reaction time function for nontarget probes
is significantly greater than the slope for target probes

(p <0.05). This is because the mean slope of the negative-
response function for 3 of the 12 observers is twice the slope
of the positive-response function, implying that these 3 ob-
servers performed a serial self-terminating scan of the mem-
ory set (i.e., stopped comparing memory items with the
probe item once a match was found).

® The nature of the individual probe item has an effect on
reaction time; this runs counter to the predictions of the se-
rial-exhaustive scanning model (Ref. 7; CRef. 4.103). This
latter model proposes that a memorized list is scanned ex-
haustively; that is, each item in the memory set is compared
with the probe in turn, even if a match is found before the

end of the memory set is reached. The exhaustivc scan is
very efficient only if the occurrence of a match is registercd
and information about the individual stimulus items is lost.
Variability
An analysis of variance was conducted for each study. In
Study 1, the linear component of thc sum of squarcs on the
functions depicted in Fig. 1 accounted for 99.9% of thc
variance for the target set, 85.6% of the variancc for the
nontarget set, and 96.4% of thc variance for both scts ana-
lyzed together.

In Study 2, the linear component of the functions ac-
counted for 96% of the variance for positive responscs, and
99% of the variance for negative responses.

Repeatability/Comparison with Other Studies

The general finding that the predictions of the serial exhaus-
tive scanning model fail depending upon tcst conditions has
been obtained in a number of different studies (Refs. 1, 2,
6, 8). The precise aspects of thc model that are called into
question vary from study to study.

In a related study, when the memory set consisted of
consecutive items (e.g., 1, 2, 3, 4), reaction time to nontar-
get probes depended upon remoteness from the memory sct
boundary. The regression lines for reaction time as a func-
tion of boundary remoteness for mcmory sct sizcs of 2 and 4
items both had slopes that differed significantly from zero
(Ref. 5).

Constraints

® The serial position effects obtained in Study 2 require a
very short delay (800 msec) between end of list and probe
presentation.

Key References
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tition effects for the high-speed
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chology, 25, 229-240.
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4.1 Memory

4.106 Memory for Visual Patterns: Effect of

Perceptual Organization
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Figure 1. Fragmented figures of the kind devised by
Street. (From Ref. 2)

Original
pattern
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Bad cue

z

Good cue

o,

Mediocre cue

il

Figure 2. lllustrations of three levels of pattern cue.
(From Ref. 1)

Key Terms

Multistability; object perception; pattern memory

General Description

Perceptual organization affects subsequent memory for a
pattern. An ambiguous target (i.e., figure with multistable
organization) (CRef. 6.306) will be recognized later only if
it is perceived as organized tn the same way tt was during
initial exposure (Ref. 4). Certain figures, such as Street fig-
ures (Fig. 1) (Ref. 5), are very difficult to identify tmtially.
Upon subsequent presentation, however, identification ts

much faster. When a retrieval cuing method s used to study
the structural units of visual pattern memory, it is found that
pattern fragments may permit the entire pattern to be regen-
erated completely from memory. The fragments which pro-
mote the greatest recall (the best retrieval cues) are those
which follow the Gestalt principles of common direction,
proximity, and closure (CRef. 6.301).

Applications

Machine pattern recognition requires storage of figural de-
scriptions that must be activated during recognition.

® Subject presented with 27 test

Experimental Procedure
patterns and 6 filler patterns; sub-

¢ Free and cued recall

Methods o Cues were pattern fragments
ranked as good, mediocre, or bad
Test Conditions (Fig. 2) in accordance with Gestalt

¢ For each of 27 figures similar to
Fig. 1, good, mediocre, and bad
cues were constructed and roughly
equated for total line length

854

principles of proximity, closure,
and common direction

e All patterns drawn with felt
tip pen on white cardboard

2.3 x 3.0cm

Jject drew as many patterns as could
be recalled (free recall); subject
then presented with 81 recall cues
(27 patterns x 3 levels of cue) and
attempted to draw the entire pattern
represented by the cue

¢ Independent variable: cuc type
(none, good, mediocre, bad)

¢ Dependent variable: proportion
of patterns correctly recalled

¢ Subject’s task: draw as many pat-
terns as remembered

¢ 24 subjects, either high school or
undergraduate college students

Boff, K. R., & Lincoln, J. E. Engineering Data Compendium: Human

Perception and Performance.

MRL, Wright-Patterson AFB, OH, 1988.
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Experimental Results

® 46% of patterns are recalled during free recall (no recall
cues).

e Bad cues reduce the recall of patterns; only good cues
function as effective retrieval cues.

® A pattern is more likely to be recalled, the more often it
has been recalled previously (under free recall or cued con-
ditions) (Fig. 3).

Variability

Sign test indicated that good cues were significantly better
than mediocre cues, which were significantly better than
bad cues.

Repeatability/Comparison with Other Studies

Similar results have been obtained by other investigators
(Ref. 3).

Constraints

® Definition of cues as good, mediocre, or bad was deter-
mined partly by algorithm and partly by intuition. Applica-
tion of the results to problems in machine vision would
require rules for generating and determining structural de-
scriptions of objects (Ref. 2).

Cue type
(0 =Good

= Mediocre
100 | M = Bad

804

604
40 A

Percent Correct Recall

204

ol I

Number of Prior Recalls

(R S —

Figure 3. Percentage of correct pattern recall on current
trial as a function of number of prior recalls and type of cue.
(Based on Ref. 1)
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4.1 Memory

4.107 Cognitive Mapping of the Environment
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Abstract maps of Boston and Jersey City showing the important psychological

elements of each environment. The five basic elements listed in the legend are coded In
terms of the frequency with which they were mentioned in each sample of subjects (N = 30

for Boston and N = 25 for Jersey City). (From Ref. 3)
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Key Terms

Cognitive maps; geographical orientation; maps; spatial
knowledge

General Description

Relatively large environments, such as cities and countries,
are represented in memory as a hierarchically organized set
of abstracted features. According to an influential analysis
of cities by Kevin Lynch (Ref. 3), we abstract five principal
kinds of features from the environment:

A path is a channel along which the subject moves, such
as a walkway, street, or subway line. Paths are the pre-
dominant elements in the representation of a large-scale
environment and form a skeleton on which the rest of the
representation is constructed (Refs. 1, 5).

An edge is a visible boundary, such as a river, wall, or
street that marks the limit of a district, or any other environ-
mental feature that provides a psychological edge. Edges
often serve as organizing features but they also often disrupt
organization by introducing artificial discontinuities.

A district is simply an area that is relatively homogene-
ous and distinct from adjoining areas in some way.

A node is a strategic spot involving a junction or a break
in paths or a thematic concentration. Nodes are focal points,
the places to and from which people travel.

A landmark is a conspicuous and/or well-known feature
of the environment.

Using information from field analyses, verbal protocols,
and interviews with residents of and visitors to Boston, Jer-
sey City, and Los Angeles, Lynch defined paths, edges,
nodes, districts, and landmarks, and then constructed ab-
stract psychological maps for each city (Fig. | does not in-
clude Los Angeles). The more sparse representation of
Jersey City compared to that of Boston reveals that different
environments can generate psychological representations of

varying complexity. More important, the psychological
maps for all three cities show that interrelationships among
many elements lack strong representation, giving rise to
faulty knowledge of the environment.

Lynch attributes weak representation partly to poor en-
vironmental design. He argues that strong images require
paths that are identifiable, continuous, uniform in overall
directionality, and joined in simple intersections of a pair of
paths meeting approximately at right angles.

Empirical studies have repeatedly confirmed several key
points which are consistent with Lynch’s theoretical
analysis:

1. Pathways tend to be represented as intersecting at right
angles, independent of amount of individual experience in
traversing the environment (Refs. 1, 2, 7).

2. Spatial knowledge is hierarchically organized in terms
of relatively global regions within which there are more
richly detailed structures (Refs. 1, 6, 7).

3. Spatial relations tend to be distorted toward alignment
on a north-south or an east-west axis (Refs. 6, 7).

4. The spatial relations between two points in different re-
gions tend to be based on the relation between the regions,
particularly when there is no path specifically connecting
the two points. This can lead to major orientation errors,
such as believing the Atlantic entrance to the Panama Canal
is east of its Pacific entrance or that Philadelphia is north of
Rome (Refs. 6, 7).

5. Travel plans are generated first from the superordinate
level of the spatial knowledge hierarchy, by finding a path
that connects regions. Use of the lower level of spatial
knowledge depends on goals and experience (Refs. 2, 3, 5).

Applications

The design of maps can be improved by identifying the
paths, edges, nodes, districts, and landmarks that are major
elements of the psychological representation of the environ-

ment. Complex environments can be structured for most ef-
fective use if built around careful design in terms of
psychological map elements.

Constraints

e There is no quantitative analysis of the relative benefits
and costs among alternative structural arrangements of de-
sign elements.

e There is only a weak data base on which to base general
conclusions or applications.

2. Chase, W.G., & Chi, M. T. H.
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41 Memory

4.108 Tactile Short-Term Memory

Key Terms

Short-term memory; tactile persistence

General Description

Immediate memory (recall) for the location of brief tacttle
stimult applied to interjoint regions of the fingers of both
hands ranges from 3.5 to 7.5 locations (after correction for
guessing). The storage capacity of tactile short-term mem-
ory is slightly greater (by about one stimulus location) than
indicated by immedtate recall (i.e., the informatton in short-
term memory decays before it can be fully reported). The
duration of tactile short-term memory is <0.8 sec. The data
suggest that tactile short-term memory has much less stor-
age capacity than analogous visual short-term memory.

Applications

Design of tactile display and communication systems, in-
cluding systems for environments where normal hearing or
vision is disrupted and systems for persons with sight and/or

hearing disabilities.

Figure 1.

Finger labelling used for the two hands.
(From Ref. 1)

Methods

Test Conditions

® 24 airjet tactile stimulators; one
airjet for each interjoint region of
each finger (thumb excluded);
20,700-N/m? (3-psi) pulse with rise
and decay time of ~ 1 msec and
pulse width of ~2.5 msec; 200-Hz

pulse repetition rate during
100-msec presentation; palmar

side of fingers suspended 0.32 cm
(1/8 in.) above airjet outlet

¢ 2-12 interjoint regions stimulated
simultaneously on each trial with
number of regions constant and
known by subject for each session;
interjoint segments labelled in al-

phabetical order as represented on a
visual display continuously in front
of the subject (Fig. 1)

Experimental Procedure

¢ |ndependent variables: number
of locations stimulated, interjoint
region stimulated

¢ Dependent variable: number of

12
TACTILE DATA

10

Estimated Number of Stimulus
Points Perceived
(=]
i

VISUAL DATA

(b)

Number of Positions Stimulated

Figure 2. Average number of stimulus locations perceived (after correction for guessing)
as a function of the number of locations stimulated; (a) tactile data; (b) data from a compar-
able visual experiment (Ref. 3, Fig. 3). The lower curves (solid circles) are for whole-report
performance (subject named as many locations as remembered). The upper curves (open
circles) represent the estimated number of stimulus locations available In memory Imme-
diately after termination of the stimulus (partial report, i.e., subject named only locations in
subsetindicated by marker presented with 0-sec delay after stimulus offset). (From Ref. 1)
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correctly reported locations of
stimulation

¢ Subject’s task: orally report in al-
phabetical order the interjoint re-
gions stimulated on each trial; on
whole report tnals, the same num-
ber of response positions had to be
reported as positions contained in
the stimulus; on partial report
trials, only a specified portion (one
of the three rows of interjoint re-
gions) of the stimulus had to be re-
ported as indicated by a marker
presented at varying times after the
stimulus; feedback was given by
repeating the tactile stimulus and
also presenting the points of tactile
stimulation visually on a display
box (verbal feedback was given for
tnals with 1, 2, or 4 stimulated lo-
cations for blind subject)

® 4 naive male subjects (one totally
blind)

Boff, K. R., & Lincoln, J. E. Engineering Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.




Experimental Results

¢ Subjects can correctly report the location of up to 3.5-7.5
different tactile stimuli (corrected for guessing) immedi-
ately after a brief presentation in which multiple tactile sites
are stimulated (see Constraints section). This limit is re-
ferred to as the span of immediate memory.

¢ The span of immediate memory is measured in a whole-
report condition (i.e., the subject names as many stimulus
locations as can be remembered). When subjects are asked
to report on only a specified portion of the tactile stimulus
(partial report condition), they are found to have more in-
formation available at the time of reporting than is indicated
by immediate-memory span. That is, the total number of
tactile locations available in short-term memory, as esti-
mated from the number of locations reported for a subset of
the total stimulus, is slightly greater than the number re-
ported when subjects must name all locations stimulated (up
to one tactile location greater for 12 stimulated interjoint
positions).

® The duration of short-term tactile memory is <0.8 sec
(i.e., there is no advantage of partial reporting over whole
reporting when the marker specifying the subset of stimulus
locations to be reported follows stimulus presentation by
>0.8 sec).

o The span of immediate memory is about the same for tac-
tile and visual stimuli. However, tactile short-term memory
has less storage capacity than that found for short-term vi-
sual memory (Fig. 2).

¢ The amount of information transmitted per stimulus pre-
sentation can be calculated by the following formulas:

H(S) = log (2"4)

1s:R=plog (%) + plogp + (1=p)log (1-p)

where

H(S) = stimulus entropy

I(S;R) = information the response gives about the stimulus
p = estimated proportion of stimulus positions perceived.

® The amount of transmitted information is ~6 bits per pre-
sentation for a whole report and ~7.5 bits per presentation
for a partial report. Transmitted information is relatively in-

Information Storage and Retrieval 4.0
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Figure 3. Lower bound on transmitted Information as a
function of the number of tactlle locations stimulated. H(S)
Is stimulus entropy. The partlal report curve Is for 0-sec
marker delay; the dotted curve Is the information in the
stimulus as calculated by the formulas given In the results
section. (From Ref. 1)

dependent of the number of locations stimulated (Fig. 3).
Therefore, information per presentation apparently cannot
be increased by constructing codes with large numbers of
stimulated sites, at least at the level of training used in these
experiments.

Variability
While there is considerable between-subject variability, the
patterns of results for the subjects are similar.

Repeatability/Comparison with Other Studies
Results are analogous to those reported for vision (Refs. 2,
3) but visual short-term memory has a larger capacity.

Constraints

o The low value (3.5) of the range is the whole-report mean
for the four naive subjects in the reported experiment

(Fig. 2). The high value (7.5) is for a well-trained subject
who participated in an earlier experiment with minor pro-

cedural differences. It is unclear whether the better perfor-
mance is a result of subject or procedural differences.

o Extent of training influences performance.

o Performance is limited by spatial interaction of stimuli in
this experiment.

2. Estes, W. K., & Taylor, G. A.
(1964). A detection method and
probabilistic models for assessing
information processing from brief
visual displays. Proceedings of the
National Academy of Sciences, 52,
446-454.
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4.2 Learning
4.201 Power Law of Practice
Key Terms

Cognitive skills; motor skills; practice; reaction time; re-
sponse organization; skill acquisition; training

General Description

For many perceptual-motor and cognitive processing skills
(e.g., reading, problem-solving, etc.), performance time
(T) is an approximate power function of trial number (N), as

given by Eq. (1):
T=BN"“ n

where B is the performance time on Trial | and « is a learn-
ing rate parameter. Taking logarithms of both sides of
Eq. (1) yields the useful re-expression:

log(T) = log(B) — a log(N), (2)

which shows that performance time on a log-log plot is a
decreasing linear function of practice, with a slope equal to
—a. Application of the power law to practice effects is il-
lustrated in Figs. 1a and 1b, which depict data for choice re-
action time (RT) for one subject (Ref. 9). The subject faced
an array of 10 lights with fingers and thumbs positioned on
10 response keys, one assigned to each light. The task on
each trial was to depress keys to match the pattern in which
lights were illuminated. All combinations of lights were
equally possible; each of the 1,023 patterns was presented
in each trial block.

Figure 1a shows the effects of practice on RT. The data
are typical of many practice effects, showing an initial rapid
decline in RT followed by progressively slower degrees of
improvement with additional trials. Figure 1b shows the lin-
earity of the same data when plotted on log-log coordinates,
as predicted by Eq. (2).

Comparison to Exponential Law of Learning
An exponential law of learning takes the form

T = Be™ N 3
where B and « are free parameters. The exponent law pre-
dicts a more rapid rate of reaching asymptote than a com-
parable power law. This is seen most easily by comparing
the rate of change in T as a function of trials, i.e., the deriv-
ative of T with respect to N, dT/dN. For the exponential law,

dT/dN = —aT, 4)
whereas for the power law,
dT/dN = —(a/N) T. 5)

Hence, the power law predicts that the instantaneous rate of
learning slows with practice (i.e., as N increases).
Generalized Power Law

Two common deviations from the power law function
(Eq. 2) seen in Fig. 1b are the departures from linearity at

each end of the curve. The departure on the left side re-
flects the problem of estimating the degree of transfer
from prior learning, and the departure on the right side
reflects the presence of a performance asymptote >0.
These problems are corrected in the generalized power law
(Ref. 8):

T=A+BN+E)™“, (6)

where A is the asymptote and £ is the effective number of
trials prior to observation. By moving A to the left side of
the equation and taking logarithms, this law can be re-ex-
pressed as

log(T—A) = log(B) — o log(N +E). )

Unlike Eq. (2), Eq. (7) requires a computer search to find
estimates of A and E to use in fitting a line.

Figure Ic fits the generalized power law of Eq. (6) to the
data of Fig. 1a. Reference. 8 has shown that the generalized
power law provides a good fit to a number of data sets, in-
cluding all those in Fig. 2.

A Theory of Skill Acquisition

Theories of skill acquisition should explain power law
learning functions. Reference. 8 has shown that power law
functions are produced if skill acquisition involves the de-
velopment of special-purpose knowledge units in the
method for performing a task. Such improvements speed
performance when they can be used, but are less frequently
applicable than more general methods.

The theory of cognitive skill learning set forth in Ref. 1
incorporates a mechanism of this type. In this theory, skill
learning involves the acquisition of procedural knowledge,
stored as a set of production rules. (A production rule states
a condition-action sequence, such that if a condition ob-
tains, the corresponding action is implemented.) Complex
production rules are formed by composition; that is, two
production rules repeatedly applied in sequence will be col-
lapsed into a single procedure. This complex production
rule will be activated by a more specific condition than
either of its component production rules; hence the complex
rule will be applied less often. However, the time needed to
apply a production rule is assumed to be a linear function of
the strength of the production rule, and every correct appli-
cation of the production rule increases its strength by a con-
stant amount. Hence, repeatedly activated productions will
be applied more quickly. Thus, skill acquisition is seen as a
result of learning new, more specialized production rules
and a faster application of old rules.

Boff, K. R., & Lincoln, J. E. En ineen'ngvDala Compendium: Human
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4.2 Learning

Applications

Estimates of training time necessary to achieve designated
performance goals can be obtained by extrapolation from a
fit of the power law to practice data in a log-log plot.

Constraints

® Not all practice effects follow the power law, but the the-
oretical basis for these deviations is not known at present.

® Fits of the generalized power law (Eqgs. 6, 7) do not al-
ways yield sensible values for B.

o The power law does not account for changes tn accuracy.
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Figure 2. Log-log plots of practice curves for a variety of skillis, fitted according to a sim-
ple power law (Eq. 2). The data come from (a) scanning for visual targets (Ref. 6); (b) playing
a game of solitalre called Stair (Ref. 8); (c) mirror tracing (Ref. 10); (d) positioning the cursor
in a text-editing system using either a set of keys or an analog device (“mouse”) (Ref. 2); (e)
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total time to do task and execution time due to particular method used (Ref. 6); (f) recogniz-
ing a learned sentence; (g) operating a cigar-making machine (Ref. 3); and (h) reading In-
verted text (Ref. 4). (From Ref. 8)
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4.301 Information Theory
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Figure 1.

(a) information fiow in a generai communications system. (From C. E. Shannon &

W. Weaver, The mathematical theory of communication. Copyright 1949 by the University
of iiiinois Press. Reprinted with permission.) (b) information fiow for a human perceiver.

(From Ref. 3)

Key Terms

Channel capacity; communication theory; uncertainty

General Description

A system may be defined as an intcracting or interdependent
set of components forming a network for the purpose of
fulfilling some objective. A system whosc purpose is
to transmit information between locations is called a
communication system (Fig. la). The source and destina-
tion of information must be separated in space and/or time
and must be linked by means of a channel. Since the physi-
cal form of the information from the source may be incom-
patible with the physical nature of the channel or the
destination, or both, the signal to be transmittcd must be en-
coded for use by the channel or destination. For example, a
telephone system transmits sound from a source (speaker) to
a destination (listencr), but does so by converting the energy
of mechanical pressure variation that is physical sound into
an electrical signal, and then reconverting or decoding the
electrical signal back into mechanical pressure.

The concept of a communication system has been ap-
plied to human observers as well as to inanimatc communi-

864

cation networks. Figure | illustrates similarities between the
components required for the flow of information within in-
animate (Fig. a) and human (Fig. 1b) systems. In the
human system, the physical form of information transmitted
by the stimulus (source) is incompatible with signal trans-
mission within the observer, and so must be encoded or
transduced by the sensory system. For example, the infor-
mation from a visual stimulus is not transmitted to the brain
in the form of light, but instead is encoded as an electro-
chemical signal that the brain can understand. The brain de-
codes this signal, decides what action to take, and then
sends the information to the motor system to make a
response.

Performance of any communication system will be af-
fected by the amount of information to be transmitted.
There may be limits on the maximum amount of informa-
tion that can be transmittcd (channel capacity). In addition,
the rate of transmission will determine how much informa-
tion can be handled within specified time limits (transmis-

Boff, K. R., & Lincoln, J. E. Engineening Data Compendium: Human
Perception and Performance. AAMRL, Wright-Pallerson AFB, OH, 1988.
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sion rate). Finally, noise may intrude upon information
transmission and affect performance. All of these concerns
require that information be quantified, so that system per-
formance under varying information loads can be evaluated.
Information theory provides the means for the quantification
of information.

By popular definition, information is linked to the idea
of knowledge. While not incompatible with the more tech-
nical definition afforded by information theory, this defini-
tion is less precise and more difficult to quantify. According
to the definition of information within information theory,
information is transmitted whenever there is a reduction of
uncertainty regarding the content of the transmitted mes-
sage. For example, in Morse code, one of two symbols may
be sent at a time: a long pulse (dash) and a short pulse (dot).
Thus, before a pulse is sent, there is some uncertainty as to
whether the pulse will be a dot or dash. That uncertainty is
reduced once the pulse is sent and received; in other words,
the identity of the pulse is known after it is sent and re-
ceived. In such asituation, information has been transmit-
ted because uncertainty has been reduced; technically, when
there is no reduction in uncertainty, there is no transmission
of information. The popular and technical definitions are re-
lated because an event will not be informative in the popular
sense if the receiver already possesses knowledge concern-
ing what is transmitted. Ignorance can be considered as a
state of uncertainty.

Information may be quantified in terms of the number of
alternative messages that may be sent; thus, the amount of
information gained equals the reduction in uncertainty. The
unity of measurement is called a bit, for **binary digir,” be-
cause the minimum condition for information transmission
occurs when a choice must be made between two possible
outcomes (as in the Morse code example). Each time the
number of alternatives is doubled, uncertainty is increased
by 1 bit. Consequently, the amount of information transmit-
ted is increased by 1 bit each time the number of possible
messages doubles. An analogous way of thinking around
this is in terms of the game ‘‘Twenty Questions,” in which
the goal is to discover what one of the players is thinking
about by asking not more than twenty questions. The ques-
tioning strategy that on the average will produce the answer
with the fewest number of questions is to ask binary (i.e.,
yes-no) questions that reduce the number of alternatives by
half with each question.

By convention, certainty is symbolized by H. The num-
ber of possible alternatives is given by Eq. (1).

n=2" (1

The uncertainty (in bits) associated with the number of al-
ternatives can be written as shown in Eq. (2).

H = logyn (2

where H is equivalent to the amount of information in bits
that is transmitted when one alternative is sent from the set
of possible alternatives. Table | lists the values of uncer-
tainty/information associated with alternatives of various
sizes. It should be noted that these values and the formulas
given previously refer to alternatives with equal probability
of occurrence. The more general case, however, does not
require equal probability of all alternatives, and the amount
of information transmitted can be calculated with Eq. (3),

H= —EP,'Ing P,‘ (3)

where P; is the probability of each alternative.

Table 1. Uncertainty (H) as a function of stimulus
set size (all stimuli equally likely). (From Ref. 1)

Size of Stimulus Set Uncertainty
Number of
Number of Number of Binary Units of
Elements Elements Questions Information
(n) (2") (H) (bits)
E o & _  __ __3} T SEE—— A —— - -
1 20 0 0
2 2! 1 1
4 22 2 2
8 bt 3 3
16 24 4 4
32 25 5 5
64 26 6 6

To see what effect this has on the amount of uncertainty
in a given set, consider the following example (Ref. 6). In
November 1975, there were 16 leading candidates for Dem-
ocratic nomination for President. Assuming equal probabil-
ity of nomination for each candidate, there are 4 bits of
uncertainty associated with this set of alternatives. How-
ever, it was estimated that the probabilities of nomination
were unequal, as given in Table 2. This reduced the uncer-
tainty to 3.5363 bits, somewhat less than the estimate as-
suming equal probabilities.

Applications to the Human Operator

As stated earlier, there are similarities between inanimate
communication systems and a human operator, particularly
when the human operator is construed as an information
processor. Thus, the concepts of channel capacity and
transmission rate can also be applied to the human observer.
Information theory has also been used to understand and in-
terpret experiments involving human subjects. Information
measurement has been helpful in studying reaction time,
perceptual recognition, and verbal learning and memory.

Table 2. Amount of uncertainty (H) for the set of
Democratic candidates for President as of Novem-
ber 1975. (From Ref. 7)

Probability of

Candidate Nomination (p) —piogzp

Humphrey 0.25 0.5000
Jackson 0.15 0.4105
Carter 0.10 0.3322
Kennedy 0.07 0.2686
Bayh 0.05 0.2161
Bensten 0.05 0.2161
Church 0.04 0.1858
Sanford 0.04 0.1858
Shapp 0.04 0.1858
Udall 0.04 0.1858
Wallace 0.04 0.1858
Glenn 0.04 0.1858
Muskie 0.04 0.1858
Harns 0.02 0.1129
Shriver 0.02 0.1129
McGovern 0.01 0.0664

H = 3.5363 bits
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Channel Capacity

Investigations of channel capacity havc often employcd ab-
solute judgments, in which subjects must identify a signal
(stimulus) as belonging to a particular category. Table 3
shows empirically determined channel capacities for several
stimulus dimensions. It is clear that humans’ abilities to
make absolute judgments are limited and are rather small.
The table also shows that the greater the range of stimulus
values, the greater the amount of information transmitted in
bits per stimulus. Furthermore, when multidimensional
stimuli are used (i.e., varying along several dimensions si-
multaneously), there is an increase in information transmis-
sion over a single dimension, but not so large an increase as
to indicate summation of channel capacities for each dimen-
sion judged separately (Ref. 4).

Transmission Rate

If signals or events are presented to subjects at a known and
constant rate, it is possible to calculate the average informa-
tion transmitted per second. Information rated is given by

Eq. (4).
Ry = nH(S) 4)

where R;7 is rate of information transmission, # is the num-
ber of stimuli per unit time, and H(S) is the uncertainty
associated with each stimulus presented. However, calcula-
tion of transmission rate depends on type of response re-
quired and stimulus modality, as well as on information
variables. For example, verbal naming of one of ten digits
yields transmission-rate estimates of 6 bits/sec, whereas the
estimate for a manual response is only ~ 3 bits/sec (Ref. 1).
For the auditory modality, transmission rate of thc ear is es-
timated at 8000 bits per sec for random sound and 10,000
bits/sec for loud sounds. 1n contrast, maximum estimated
transmission rate for spoken English is ~ 50 bits/sec. Simi-
larly, the transmission rate for visual nerve fibers is esti-
mated at 1000 bits/sec, which is much higher than the amount

Reaction Time (seconds)
(=]
w

L) T T T T T 1 T T

0 1 2 3 456 810
Number of Possible Stimuli

Figure 2. Choice reaction time as a function of the number
of equaily probabie stimuii. (From Ref. 5)
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Table 3. Channel capacity for varlous stimulus
modalities. (From Ref. 3)

Approximate

Number of
Channel Stimuii
Stimuius Dimension Capacity (bits) Discriminated
Brightness 1.7 3
Duration 2.8 7
Hue 3.6 12
Loudness 23 5
Odor intensity 1.5 3
Pitch 2%5 6
Position on a line 3.2 9
Saltiness 1.9 4
Shock intensity 1.7 3
Vibration intensity 1.6 3

of information that could be absorbed and interprcted by the
brain in that time. Therefore, the information transmission
rates of peripheral sensory systems are much higher than
central processing rates.

Reaction Time

Choice reaction time is a logarithmic function of the numbcr
of stimulus alternatives. This is known as Hick’s Law (Ref.
5), and has been validated in many studies (Ref. 1; CRef.
9.111). Figure 2 illustrates the results from a study in which
observers had to give a manual response indicating which of
up to ten lights had been presented. Furthermore, unequal
stimulus probabilities decrease reaction time (Ref. 6). This
is consistent with the idea that reaction time is a function of
stimulus uncertainty, since, as stated above, unequal stimu-
lus probabilities decrease the amount of information in a
stimulus set. This concept was given formal definition in the
Hick-Hyman Law, which states that reaction time is a linear
function of the amount of information in a stimulus.

Perceptual Recognition

Perceptual recognition performed against a background of
noise is affected by stimulus uncertainty, and the size of this
effect increases with the amount of noise present. Figure 3
shows the results of an experiment in which subjects had to
indicate recognition of nonsense di-syllables by writing
them; the di-syllables were presented in stimulus sets of dif-
ferent sizes and presented at different signal-to-noise ratios
(Ref. 7).

The critical factor affecting recognition performance is
not stimulus uncertainty, however, but response uncer-
tainty. When the number of possible responses equals the
number of stimuli, (i.e., the size of the stimulus set), recog-
nition performance decreases with increasing uncertainty.
However, when the number of responses remains constant
at 2 (a 1-bit decision), the size of the stimulus set has no ef-
fect on recognition performance (Ref. 9).

Verbal Learning and Memory

Difficulty in learning verbal material depends upon the
number of items that must be learned. Learning difficulty
increases with the size of the stimulus set, particularly if the
probability distribution of items is uniform (Ref. 1). Fur-

Boff, K. R., & Lincoin, J. E. Eng;‘\neen‘ng Data Compendium. Human
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thermore, if forgetting is considered as information loss,
then the amount of information loss is a linear funetion of
the average amount of information input (Ref. 1). Memory
performance is generally measured by means of recognition
or recall paradigms, and recognition performance is gen-

erally better than recall performanee. However, this is not
due to the amount of information transmitted in the two
methods, but to the fact that recognition usually involves
selection from fewer possible alternatives (Ref. 2).

Constraints

e Caleulation of measures in bits should be applied only in
situations in which statistical parameters do not change over
time; this would tend to exclude experimental or operational
situations in which learning or practice effects are likely to
oceur.

e The use of transmitted information as an index of channel
capacity does not consider either the direction or magnitude
of subject errors, even though it is inversely related to the
number of errors made.
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Key Terms

Channel capacity; discrimination; workload

General Description

When the frequency of a single tone is varied in equal loga-
rithmic steps in the range between 100 Hz and 8000 Hz,
subjeets perform perfect identification among only five
tones. The amount of information transferred is thus ap-

proximately 2.3 bits (i.e., log,5). Related studies on vision,
audition, and taste all support the conclusion of a limit on
channel capacity of approximately 2-2.5 bits of information
(i.e., four to six perfeet diseriminations), and imply that the
workload associated with a task increases as the number of
items to be processed increases.

Applications

Situations in which operators must identify stimuli along a
single dimenston (e.g., pitch) from among a number of pos-
sibilities, espeeially when the number of possibilities ex-
eceds five different stimuli.

Methods

Test Conditions

e Tones from 100-8000 Hz equi-
distanily spaced on a logarithmic
scale, presented via headphones
e Sound pressure level (SPL) of
lones was ~85 dB, varied ran-
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domly over arange of 15 dB tore-
duce differential loudness cues

e Tone duration was ~2.5 sec: in-
lerval between successive presenta-
lions was ~25 sec

Experimental Procedure

¢ Absolute judgments; repeated-
measures design: randomized order

of presentation (each lone pre-
sented equal number of times)

e Independent variables: inpul in-
formation, defined as the size of the
set of tones from which a specific
tone must be identified, measured
in bits of information; tone
frequency

e Dependent variable: transmitted
information, defined as the number

of correctly identified tones, mea-
sured in bits of information

e Subject’s 1ask: identify which
one of a series of lones was pre-
senled by responding with a num-
ber assigned to that tone: feedback
provided

® 6 subjects with extensive
practice

Boff, K. R., & Lincoln, J. E. Engineering Data Compendium: Human

Perception and Performance.

MRL, Wright-Patterson AFB, OH, 1988.
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Experimental Results

¢ Average information transmitted matches input informa-
tion up to ~2.3 bits, the equivalent of perfect identification
among only five tones. Subjects can identify tones, but not
if the number is too large. This implies that as the number of
items to be processed increases, the workload associated
with the task increases.

e Other studies on vision, audition, and taste (Fig. 2) find
the limit on channel capacity to be about 2-2.5 bits of infor-
mation, i.e., 4-6 perfect discriminations (Refs. 1, 2, 4).

Variability

No information on variability was given.

Repeatability/Comparison with Other Studies

The finding of a channel capacity of 2-2.5 bits is consis-
tently replicated in other studies. However, when multidi-
mensional stimuli are employed (e.g., pitch and loudness
are systematically varied), higher estimates of channel ca-
pacity are obtained. These estimates are higher than for a
single dimension (channel) alone, but lower than channel
capacity predicted by additivity of channels, implying inter-
action between channels (CRef. 4.301; Ref. 3).

Constraints

o Results should not be considered as ultimate informa-
tional capacities, but simply in terms of information re-
ceived per stimulus presentation.

e Effects of long practice, presentation rate, and individual
differences were not examined.

2. Gamer, W. R. (1953). An infor-
mational analysis of absolute judg-
ments in loudness. Journal of
Experimental Psychology, 46,
373-380.

3. Garner, W.R., & Felfoldy, G. L.
(1970). Integrality and separability
of stimulus dimensions in informa-
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Key Terms

Acceleration, 5.503

Acceleration, linear, 5.801

Acceleration, visual, 5.213

Accessory stimulation, 5.1003,
5.1004, 5.1014

Accommodation, 5.901, 5.1121

Acuity, 5.1001. See also Temporal
acuity; vernier acuity; visual
acuity

Adaptation, auditory, 5.1127

Adaptation, light, 5.918, 5.919

Adaptation, perceptual, 5.606,
5.1101-5.1127

Adaptation, of spacc perception,
5.1101-5.1127

Adaptation, tilt, 5.1115-5.1119

Adjacency, 5.918, 5.922

Aftereffects. See Figural after-
effects; haptic aftereffects;
motion aftereffects; negative
aftereffect; postural aftereffects;
tilt aftereffect

Aerial perspective, 5.901

Aircraft carriers, 5.102

Aircraft landing, 5.101-5.103

Aircraft piloting, 5.101-5.103

Air traffic control, 5.213

Alpha movement, 5401

Amplitude modulation, 5.1020

Anaglyph, 5914

Animation, 5401, 5404, 5407

Aniseikonia, 5.907, 5.909, 5.931

Apparent movement, 5.202, 5.211,
5.212, 5.217, 5.218, 5.220,
5.401-5.407, 5.602, 5604,

Armed Forces vision tester, 5917

Attention, 5.1019, 5.1110

Aubert effect, 5.804

Aubert-Fleishl paradox, 5.215

Autokinetic illusion, 5.216

Beta movement, 5401, 5403

Binocular displacement, 5.936

Binocular fusion, 5.911, 5.930,
5.936, 5.937

Binocular image registration,
5.905-5.909, 5.912, 5.913, 5.927,
5.928, 5.931, 5.936

Biopter vision test, 5.917

Body axes, 5.701

Boresight, 5.1113

Boresight angle, 5.802

Brightness, 5.901

Choice reaction time, 5.1013, 5.1014.
See also Reaction time

Circularvection, 5.503

Collision, time to, 5.213, 5.214

Color appearance, 5.1124

Color stereopsis, 5.934

Computer-generated imagery,
5.103, 5,219, 5.301, 5.502

Concurrent exposure, 5.1103, 5.1104

Conditioning, 5.1110

Context, visual, 5.210

Contrast, 5.918, 5.937

Controls, eye-mediated,
5.602-5.604, 5.606, 5607

Controls, tactile, 5.806

Convergence, 5.115, 5.1121

Corollary discharge, 5.202, 5.216

Corridor illusion, 5.108

Cross-modal judgment, 5.808,
5.1020

Cue conflict, 5.201

Cues, depth. See Depth cues,
monocular; depth cues, binocular

Cues, distance, 5.112

Cues, motion, 5.102

Cues, proprioceptive, 5.704

Cues, tactile, 5.801

Cues, visual, 5.103

Curvature, 5.1125, 5.1126

Curvature, prismatic, 5.1123

Cyclofusion, 5.908, 5.913

Cyclopean vision, 5915

Deceleration, visual, 5.213

Delboeuf illusion, 5.106

Delta movement, 5401

Depth cuc, binocular, 5.904, 5.905

Depth cue, monocular, 5.104,
5.116, 5.901, 5.903, 5.904

Depth discrimination, 5.918-5.927,
5.929

Depth illusion, 5.934

Depth perception, 5.115, 5.116,
5.218, 5.219, 5.222, 5.502,
5.901-5.937, 5.1121, 5.1124

Detection. See Motion detection;
tactile detection; target detection

Discrimination. See Depth dis-
crimination; haptic discrimina-
tion; spatial discrimination, non-
visual; tactile discrimination

Displacement, auditory, 5.1127

Displacement, binocular, 5.936

Displacement, illusory spatial, 5.802

Displacement, prismatic,
5.1103-5.1113, 5.1119

Displacement, target, 5.203,
5.208, 5.209

Distance, egocentric, 5.105

Distance, perceived, 5.105

Distance cues, 5.112

Distance perception, 5.101-5.105,
5.108, 5.112, S.1121, 5.1124

Distance vision, 5.901, 5.902,
5.904, 5.916, 5.1010, 5.1125,
5.1126

Double vision, 5.905, 5.907, 5.908,
5.911-5.913, 5.927, 5.930, 5.937

Duration. See Exposure duration

Dynamic range, 5.1001

Dynamic visual acuity, 5.206, 5.220

Ebbinghaus illusion, 5.106

Ego-motion, 5.501

Ehrenstein illusion, 5.106

Elevator illusion, 5.504, 5.505

Escalator illusion, 5.218

Event perception, 5.219, 5.406

Exposure. See Concurrent expo-
sure; incremental exposure;
terminal exposure

Exposure duration, 5.918, 5.926,
5.935, 5.1104, 5.1105, 5.1107,
5.1, 5.1117, 5.1119

Eye-head system, 5.202

Eye movements, 5.201, 5.202, 5.215,
5.302, 5.504, 5.602-5.606, 5.916.
See also Optokinetic nystagmus

Eye movements, cyclofusional,
5.803

Eye movements, pursuit, 5.215,
5601, 5.604, 5.605

Eye movements, saccadic,
5602, 5603, 5607, 5.706

Eye movements, smooth pursuit,
5.217

Eye torsion, 5.801, 5.803

Facilitation, intersensory,
5.1003-5.1005, 5.1012, 5.1014,
5.1015, 5.1018

Feedback, error-corrective, 5.1108

Feedback, visual, 5.1107

Feedback delay, 5.1107, 5.1108

Field of view, 5.105, 5.210

Figural aftereffects, 5.1123

Filehne illusion, 5.215, 5.217

Fixation, visual, 5802

Flicker perception, 5.1020

Flight simulation, 5.102, 5.103

Flutter, 5.1020

Form perception, 5.107, 5.1123,
5.1124. See also Haptic form
perception, visual form
perception

Frame of reference, 5.208, 5.607,
5.801

Frame of reference, gravitational,
5.803

Frisby stereo test, 5.917

Fujii illusion, 5.215

Fusion, binocular, 5.911, 5.930,
5.936, 5937

Gamma movement, 5401

Ganzfeld, 5.603, 5.607

Gaze, eccentric, 5.606

Geometric effect, 5.909, 5.1121

Glideslope, 5.102, 5.103

Gravitoinertial force, 5.504, 5.801

Gravitorotational force, 5.505,
5709

Gravity, center of, 5701

Haptic aftereffects, 5.806
Haptic discrimination, 5.806, 5.808
Haptic form perception, 5.110, 5.111,
5.1016
Head tilt, 5.503, 5.701, 5.801-5.803
Hering illusion, 5.106
Heteromodal perception, 5.1022
Horizon, 5.108, 5.803
Horizontal-vertical illusion, 5.110
Horopter, longitudinal, 5.910
Horopter, vertical, 5.910
Howard-Dolman apparatus, 5.917
Hystcresis, visual, 5.937

Illusions, 5.106. See also name of
illusion

lllusions, motion, 5.218, 5604

1llusory motion, 5.215, 5.216, 5.1120

Illusory self-inclination, 5.708

lllusory self-motion, 5401, 5.705,
5701

lllusory spatial displacement, 5.802

Ilusory tilt, 5.503, 5.801

Image distortion, 5.1102

Image inversion, 5.1102

Image registration. See Binocular
image registration; misalignment,
rotational; misalignment, vertical

Image-retina system, 5.202

Image reversal, 5.1102

Incremental exposure, 5.1104, 5.1118

Induced effect, 5.909, 5.1121

Induced motion, 5.211, 5.301, 5.302

Induction, 5.805, 5.922

Inflow theory, 5.202

Information portrayal, 5.221

Intensity, stimulus, 5.1015

Intermanual transfer, 5.1106, 5.1109

Interocular contrast dilferencc, 5.931

Interocular delay, 5.218, 5.933

Interocular distance, S.1121

Interocular focus difference, 5.931

Interocular luminance difference,
5.931, 5.933

Interocular magnification difference,
5.906, 5.907, 5.909

Intcrocular onset asynchrony, 5.931

Interocular orientation diflerence,
5.908, 5.913

Interocular shape diffcrence, 5.909,
5.931

Interocular size difference, 5.907,
5.909, 5.931

Interocular transfer, 5.1109, 5.1116,
5.7

Interposition, 5.901

Intcrscnsory bias, 5.1007, 5.1008,
5.1011, 5.1020, 5.1110, 5.1113,
5.127

Intersensory conllict, 5.1007-5.1009,
5.1011, 5.1019, 5.1021

Intersensory facilitation,
5.1003-5.1005, 5.1012, 5.1014,
5.1015, 5.1018

Intcrsensory intcractions,
5.1001-5.1022

Intersensory perception, 5.606,
5.1006, 5.1010

Interstimulus onsct asynchrony,
5.918

Inversion illusion, 5.709

Joint perception, 5.807

Kinesthesia, 5.1124

Kinesthetic judgment, 5.807
Kinetic occlusion, 5.901, 5.903
Kinetic shear, 5.901, 5.903
Korte's laws, 5401-5403

Labyrinth, 5704

Labyrinthine discase, 5.504, 5.709

Lamellar field, 5.221

Latency, visual, 5605

Learning set, 5.1110

Lens, meridional-size, 5.1102, 5.1121

Lens, spherical, 5.1102, 5.1121

Light adaptation, 5.918, 5.919

Linear perspective, 5.105, 5.108,
5.113, 5.115, 5.116, 5.901

Linear vection, 5.503, 5.207

Localization, egocentric, 5.601,
5.607, 5.701, 5.802

Localization, sound, 5.1006, 5.1113,
5.1127

Localization, spatial, 5.602, 5.605,
5.1002, 5.1007-5.1010
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Luminance, 5.918

Mach-Dvorak effect, 5.933

Magnification, 5.1122

Manual scanning, 5.110, 5.111

Masking, visual, 5.922

Minification, 5.1122

Mirror, 5.1102

Misalignment, rotational, 5.906,
5.908, 5.913

Misalignment, vertical, 5.906,
5.912, 5.927, 5.928

Monocular viewing, 5.101

Moon illusion, 5.104

Motion, apparent, 5.202, 5.211.
5.212, 5.217, 5.218, 5.220,
5.401-5407. 5.602, 5.604

Motion, composite, 5.221

Motion, illusory, 5.215, 5.216, 5.1120

Motion, induced, 5.211, 5.301. 5.302

Motion, nonuniform, 5.213

Motion, object, 5.201-5.222, 5.607

Motion, oscillatory, 5.211

Motion, relative, 5.209

Motion, retinal image, 5.705, 5.706

Motion, rotary, 5.204, 5.220

Motion, self, 5.501-5.505, 5.707,
5708

Motion, subject-relative, 5.201

Motion aftereffects, 5.212, 5.503

Motion analysis, 5.221, 5.502

Motion constancy, 5.210

Motion cues, 5.102

Motion detection, 5.205-5.209

Motion illusions, 5.218, 5.604

Motion in depth, 5.101, 5.102, 5.301,
5.918, 5.933

Motion-induced offset. 5.220

Motion parallax, 5.219, 5.502,
5.901, 5.902, 5.904

Motion pereeption, 5.201-5.222,
5.301, 5.302, 5.401-5.404. 5406,
5602, 5.603, 5.1124. See also
Apparent movement, induced
motion

Motion perspective, 5.502, 5.901

Motion pictures, 5.501

Motion sensitivity, 5.207. 5.602

Motion sickness, S.1114, 5.1120

Motion simulation, 5404, 5405,
5407

Motor learning, 5.1110

Movenient, active, 5.1010,
5.1103-5.1105

Movement, passive, 5.1010. 5.1103,
5.1104, 5.1115

Movement, visual scene, 5.707

Muller illusion, 5.804

Muiiller-Lyer illusion, 5.106, 5.107

Multimodal perception, 5.1012,
5.1019

Mpyotatie response, 5.702, 5.703

Object position, 5.601

Oblique ellect, 5.808

Ocular torsion, 5.803

Oculogravic illusion, 5.504, 5.505

Onset asynchrony, interocular, 5.931

Onset asynchrony, interstimulus,
5.918

Optic flow pattern, 5.102, 5.502

Optokinetic nystagmus, 5.503

Orbison illusion, 5.106

Orientation, altered visual,
5.115-5.1119

Orientation, body. 5701, 5.1002

Orientation, gravitational, 5701

Orientation perception, 5.801-5.808.
See also Spatial orientation

Oscillation, linear, 5.801
Oroliths, 5.504, 5.702
Outflow theory, 5.202

Panum’s fusional area, 5.911, 5.912

Panum’s limiting case, 5.932

Parallelism, 5.806, 5.807

Pattern perception, auditory, 5.1017

Pattern perception, visual, 5.1017

Pattern recognition, 5.1002,
5.1016-5.1018

Pattern reproduction, temporal,
5.1017

Pattern resolution, 5.929

Pendular whiplash illusion. 5.215

Perceptual adaptation, 5.606,
S.1101-5.1127

Perceptual constancy, 5.112

Perceptual organization, 5406, 5407

Peripheral vision, 5.204-5.206,
5.501, 5.503

Phi movement, 5.401

Pilot judgment. 5.103

Pincushion elfect, 5.1124

Poggendorff illusion. 5.106, 5.107

Polarized display. 5.914

Ponzo illusion, 5.106, 5.108

Postural aftereffects. 5.801, 5.802

Postural stability, 5.701-5.709

Postural sway, 5.703

Posture, 5.503, 5.505

Practice, massed. 5.1104, 5.1106

Practice. spaced. 5.1104, 5.1106

Pressure sensitivity, 5.1005

Prism, dove, 5.1102

Prism, right angle. 5.1121

Prism, wedge. 5.1102. 5.1121

Prismatic displacement,
5.1103-5.1113, 5.1119

Prismatic rotation, 5.1115-5.1119

Proactive inhibition, S.1111

Proprioception, 5.607, 5702, 5.703,
5707, 5.1124

Proprioception, altered, S.1112

Pseudo-coriolis sensations, 5.503

Pulfrich elfect. 5.218. 5.933

Random-dot patterns, 5407, 5.915

Randot test, 5.917

Range estimation, 5.101-5.105,
5.108, 5.112, 5.14, 5.116

Reaction time, 5.928. 5.1001,
5.1012. 5.1015

Reaction time, choice, 5.1013, 5.1014

Rebound illusion, 5.215

Recognition, 5.113

Reduction of effect, 5.1103

Redundancy. stimulus, 5.1018

Response recovery. S.1111

Retinal illuminance, 5.918

Retinal image disparity, 5.904,
5.905, 5.907-5.909, 5.916,
5.918-5.921. 5.923-5.926,
5.929-5.933, 5.935. 5.937. 5.1121

Retinal image disparity, vertical,
5.906. 5.912, 5.927. 5.928

Retinal image motion, 5705, 5.706

Retinal location, 5.204, 5.208,
5.911, 5.912, 5.918. 5.920, 5.927.
5.935

Retinal size, 5.901, 5.904

Rhythm, 5.1017

Rigidity. object, 5.222

Rod and [rame test, 5.801

Romberg test, 5.704

Rotary motion, 5.204, 5.220

Rotation, 5.220, 5.801

Rotation, body. $.801

Rotation, prismatic, 5.1115-5.1119

Rotation, visual field. 5.803,
S.115-5.119

Rotational misalignment, 5.906,
5.908, 5.913

Rotation perception, 5.222

Saccadic suppression, 5.602.
5603, 5.607

Safety, 5.213, 5.214

Scene content. 5.103

Scene rotation, 5.708

Search, visual, 5.106, 5.209

Self-inclination, illusory, 5.708

Self-motion, 5.501-5.505, 5.707.
5.708

Self-motion, illusory, 5401, 5.705.
5707

Semi-circular canals, 5.702

Sensory dominance, 5.1007, 5.1008,
5.1011, 5.1013, 5.1019, 5.1020

Sensory modality, 5.1001

Shadow, 5.901

Shadow caster, 5.914

Shape, 5.1002

Shape constancy. 5.113-5.115

Shape perception, 5.105, 5.113, 5.222

Shape-slant relation, 5.113, 5.114

Sighting accuracy, 5.112, 5.601, 5.802

Simulation, 5.201-5.204. 5.207.
S.208, 5.210-5.215. 5.217-5.219.
5.401-5.403, 5405, 5407, 5.502,
5.503. See also Motion simula-
tion; visual simulation

Single vision, 5.910-5.913. 5.930.
5.937

Size, perceived, 5.106

Size, retinal, 5.901, 5.904

Size constancy. 5.104, 5.108

Size-distance invariance, 5.104

Size estimation, 5.109

Size perception, 5.108, 5.109,
5.918, 5.923, 5.1002. 5.1122.
5.1124-5.1126

Slant, geographical, 5.114

Slant, optical, 5.114

Slant perception, 5.1121

Solenoidal field, 5.221

Somatosensory 5.702, 5.703

Space perception, adaptation of
S.101-5.1127

Space transposition, auditory, 5.1127

Spatial acuity, 5.1002

Spatial discrimination, non-visual,
5.806

Spatial disorientation, 5.215, 5.218,
5.503-5.505

Spatial filtering, 5.107

Spatial induction, 5.922

Spatial interactions, 5.922

Spatial localization. See Localization

Spatial orientation, 5.808, 5.918,
5.924, 5.1011. See also Orienta-
tion perception

Spatial vision, 5.805

Spectral resolution, 5.1001

Speed. apparent, 5.1126

Stabilized images, 5.216

Stereoacuity, 5.904, 5.918-5.921,
5.923-5.929. 5.1124

Stereoacuity test, 5.917

Stereogram, 5.914

Stereogram, random-dot, 5.915

Stereoscopic display, 5.914, 5.915

Stereoscopy. filter-separation, 5.914

Stereoscopy. free, 5.914

Streaming. 5.901

Stretch reflex. 5.703

Stroboscopic motion. See Apparent
movement

Supraspinal reflex, 5703
Sway, body. 5.702. 5704, 5706
Sway, postural, 5703

Tactile detection, 5.1005

Tactile discrimination, 5.1005

Tandem walking, 5.704

Target acquisition, 5.105, 5.106, 5.112,
5.114. 5.203-5.206, 5.209. 5.210,
5.213. 5.214, 5.217. 5.601-5.603.
5.607, 5.801, 5.802, 5.1105, 5.1107.
See also Target detection

Target detection, 5.602, 5.603,
5605, 5.607, 5.1003. See also
Target acquisition

Target-directed movements, 5.606.
5607

Target displacement, 5.203, 5.208,
5.209

Target identification, 5.601

Target recognition, 5.104

Telestereoscope, 5.1102, S.1121

Temporal acuity, 5.1002

Temporal pattern reproduction. 5.1017

Temporal perception, 5.1017,
S.1019-5.1022

Terminal exposure, 5.1103, 5.1104

Texture gradient. 5.105. 5.115.
5.116, 5.901

Texture perception, 5.1005

Three-dimensional displays.
5.901-5.937

Tilt, 5.806

Tilt, body. 5.801, 5804

Tilt. constant, S.111S

Tilt. head, 5.503, 5.701, 5.801-5.803

Tilt, illusory, 5.503, 5.801

Tilt. incremental, S.1115

Tilt, visual, 5.1102

Tilt adaptation. S.1115-5.1119

Tilt alterelfect, 5.801. 5.802. 5.805

Tilt contrast, 5.805

Tilt illusion, 5.805

Tilt magnitude, S.1117

Time to collision, 5.213, 5.214

Titmus stereo test, 5.917

TNO test. 5.917

Touch, 5.110, 5.111, 5.806, 5.1017

Touch, active, 5.1016

Touch, passive, 5.1016

Tracking, 5.201, 5.203, 5.205. 5.217

Tracking, peripheral, 5.206

Training. 5.105, 5.112. 5.207, 5.1017,
5.1110. 5.1126

Training simulation, 5.102, 5.103,
5707, 57708

Trapezoidal window illusion, S.113

Underwater. 5.1124-
Utricular maculae,

1126
.505

w

Vanishing point. 5.105, 5.115

Vection, 5.501, 5.503. 5707

Vectograph, 5.914

Velocity, 5.207. 5.214

Velocity perception, 5.203, 5.209

Velocity transposition, 5.210

Ventriloquism ellect, 5.1007, 5.1009

Verhoell stereopter, 5.917

Vernier acuity, 5.220, 5.801, 5.929

Vertical, gravitational, 5.804

Vertical, proprioceptive, 5.802

Vertical, visual, 5.801, 5.802, 5.804

Vertical-horizontal illusion, 5.106

Vertical retinal image disparity.
5.906, 5.912, 5.927, 5.928

Vertigo. 5.504, 5.505

Vestibular ataxia, 5.704

Vestibular system, 5.503-5.505.
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Video displays, 5.502

Vieth-Miiller circle, 5.910

Viewing distance, 5.918

Visual acuity, 5.220

Visual acuity, dynamic, 5.206,
5.220

Visual angle, 5.104

Visual capture, 5.1007-5.1009,
5.1011, S.1127

Visual direction, 5.601-5.607

Visual direction, altered,
5.1103-5.1113, S.1119

Visual direction, perceived, 5.601

Visual field displacement,
5.1102-5.1113, 5.119

Visual field inversion, S.1114

Visual field location, 5.911, 5.912,
5.918, 5.920, 5.927, 5.935

Visual field rotation, 5.803,
S.1115-5.1119

Visual illusion, 5.107. See also
under name of illusion

Visual localization, 5.601-5.607,
5.804, 5.1113

Visually coupled systems,
5.601-5.607

Visual noise, 5.915

Visual orientation, altered,
5.1115-5.1119

Visual persistence, 5402, 5404,
5.405

Visual position constancy, 5.201,
5.217, 5.607, 5.1120, 5.1124, 5.1126

Visual referents, 5.203, 5.208, 5607

Visual search, 5.106, 5.209

Visual simulation, 5.103, 5.105,
5.106, 5.108, S.112, 5.113, 5.115,
5.116, 5.221, 5.222, 5805

Visual stability, 5.1120, 5.1124

Visual tilt, 5.1102

Visual vertical, 5.801, 5.802, 5.804

Visual-vestibular interaction,
5707, 5.709

Visuomotor coordination, 5.1103
Visuomotor coordination, altered,
5.1112

Warnings, 5.206

Warning signal, 5.1015

Warning signal, peripheral, 5.206
Wedge prism, 5.1102, 5.1121
Weight lifting, 5.1124, 5.1126
Weight perception, 5.1005
Weightlessness, 5.709, 5.801

Zollner illusion, 5.106
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Glossary

Absolute threshold. The amount of stimulus energy necessary to
just detect the stimulus. Usually taken as the value associated
with some specified probability of stimulus detection (typically
0.50 or 0.75).

Acecommodation. A change in the thickness of the lens of the eye
(which changes the eye's focal length) to bring the imagc of an
object into proper focus on the retina. (CRef. 1.222)

Active movement. Movement of a limb or body part by the indi-
vidual under his or her own volition.

Adaptation. (1) A change in the sensitivity of a sensory organ to
adjust to the intensity or quality of stimulation prevailing at a
given time (also called sensory adaptation); adaptation may
occur as an increase in sensitivity (as in dark adaptation of the
retina) or as a decrease in sensitivity with continued exposure
to a constant stimulus. (2) A semipermanent change in perception
or perceptual-motor coordination that scrves to reduce or eliminatc
a rcgistered discrepancy between or within sensory modalities
or the errors induced by this discrepancy (also called perceptual
adaptation). (CRef. 5.1101)

Asymmetrie convergenee. Fixation on a target to one side rather
than directly ahead of the observer. (CRef. 1.808)

Bimodal. Pertaining to, affecting, or impinging simultancously
upon two sensory modalities (such as vision and touch).

Binocular. (1) Pertaining to, affecting, or impinging upon both
eyes; sometimes used to imply the identity of both eyes’ views
(see also dichoptie). (2) Employing both eyes at once, with
cach eye's view contributing to the final percept.

Binocular suppression. Decrease or loss or visibility of a portion
or all of one eye’s view due to stimulation of the same portion
of the other eye. Binocular suppression is most clearly demon-
strated when the two eyes are presented with conflicting infor-
mation (such as different colors or different orientation of contours)
in corresponding parts of the retinas. (CRef. 1.804)

Choiee reaction time. The time from the onset of a stimulus to thc
beginning of the subject’s response to the stimulus in conditions
where there is morc than one stimulus alternative and more than
one response alternative. (CRef. 9.101)

Chromatie aberration. Image degradation in an optical system,
resulting from unequal refraction of light of different wavelengths;
commonly manifested in simple optical systems as colored fringes
on the border of an image. (CRef. 1.212)

Conditioning (classieal) Learning in which a neutral stimulus
comes to elicit a given response after being paired repeatedly
with a second stimulus that previously elicited the response.

Cone. A cone-shaped photoreceptor in the retina of the eye; cones
are distributed primarily in the fovea and function only at
photopic (daylight) levels of illumination; they are responsible
for color vision and fine visual resolution. (CRefs. 1.201, 1.301)

Contrast. The diffcrence in luminance between two areas. Con-
trast can be expressed mathematically in several different
ways. (CRef. 1.601) (See also Michelson contrast.)

Contrast threshold. The contrast associated with the minimum
perceptible difference in luminance between two areas, often
mcasured in terms of the luminance difference dctectable on
some specified proportion of trials (generally 0.50).

Convergence. An inward rotation of the eyes to fixate on a point
nearer the observcr.

Convergence angle. The angle formed between the lines of sight
of the two eyes when the eyes are fixated on a point in space.
(CRef. 1.808)

Convergent disparity. Lateral retinal imagc disparity associated with
a point in the visual field that is closer than the fixation point;
also known as erossed disparity. By convention, convergent
disparity is given a negative valuc when expressed in terms of
visual angle.

Convergent lateral retinal disparity. See eonvergent disparity.
Critical flicker frequeney. The modulation frequency of an inter-
mittently illuminated target at which the target ceases to ap-

pear flickering and appears steady.

Cross-modality matching. A procedure in which the subject adjusts
the magnitude of a stimulus in one sensory modality to match
the apparent magnitude of a stimulus in a different modality.
For example, the loudness of a tone might be adjusted until 1t
appears equal in magnitude to the brightness of a light.

Cyelofusional eye movements. Disjunctive rotational eye movements
around a horizontal axis through the pupil; such movements
are generally made to bring differcntially rotated left and right
images into alignment on thc two rctinas.

Dark adaptation. Adjustment of the eye to low levels of illumina-
tion which results in increased scnsitivity to light.

Dependent variable. The response to a stimulus presentation
measured by the investigator to asscss the cffcct of an cxperi-
mental treatment or independent variable in an experiment; for
example, the investigator might measure the absolute visual
threshold (dependent variable) for light targets of different
diamcters to assess the effccts of target size (independent
variable). (Compare independent variable.)

Difference threshold. The least amount by which two stimuli
must differ along some dimension to be judged as nonidentical.
Usually taken as the differcnce value associated with some
specified probability of detecting a differencc (typically 0.50 or 0.75).

Diopter. (1) A measurement unit expressing the refractive power
of a lens and equal to thc reciprocal of the focal length in meters.
(2) A mcasurement unit cxpressing the vergencc of a bundlc of
light rays equal to the reciprocal of the distance to the point of
intcrscction of the rays in mcters (taking a positive value for
diverging rays and a negative value for the converging rays):
the unit is often used to express the distance to an object being
viewed, since it indicates the amount of eye accommodation
necessary to bring the object into proper focus on the retina.
(3) A measurement unit expressing thc strength of a prism and
equal to 100 times the tangent of the angle through which light
rays are bent (generally called prism diopter).

Diplopia. See double vision.

Divergenee. An outward rotation of the eyes to focus on a point
further from the observer.

Divergent disparity. Lateral retinal image disparity associated
with a point in the visual field that is further than the fixation
point; also known as unerossed disparity. By convention,
divergent disparity is given a positive valuc when expressed in
tcrms of visual angle.

Divergent lateral retinal disparity. See divergent disparity.

Double vision. A condition in which a single object appears as
doublc becausc the images of the objcct in the Icft and right cycs
do not fall on corresponding portions of the retinas: also called
diplopia.

Dove prism. A prism such as that invented by J. W. Dove with two
slanted faces and a mirrored base. A ray entering parallel to the basc
is refracted, then intcrnally reflected, and then refracted again,
emerging parallel to its incident direction. When the prism is
rotated about its longitudinal axis, the image formed rotates
through twice the angle of the prism rotation. (CRef. 5.1102)
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Extorsion. Cyclorotational eye movements away from the midline;
from the observer’s viewpoint, the right eye rotates clockwise
and the left eye counterclockwise. Extorsion usually occurs in
response to orientation disparity between the right and left
eyes’ Views.

Factorial design. An experimental design in which every level
or state of cach independent variable is presented in combination
with every level or state of every other independent variable.

Fixation disparity. Convergence of the eyes to a plane in front
of or bchind the intended plane of fixation.

Fixation distance. The distance to which the eyes are converged.

Fovea. A pit in the center of the retina (approximately 2 deg of
visual angle in diameter) where the density of photoreceptors
is highest and visual acuity is greatest.

Frontal plane. The planc passing vertically through the body
from side to side, perpendicular to the medial plane and dividing
the body into front and back. or any planc parallel to this planc.

Functional stretch reflex. A reflexive contraction of the leg
muscles in response to passive longitudinal stretching that aids
in maintaining postural stability.

Half-field. The view of one eye only: most commonly used to
refer to one of the two parts of a stereogram.

Haploscope. A stercoscope in which the arms holding the displays
for the left and right eyes can be rotated to produce a wide range
of symmetric and asymmetric convergence angles.

Haptic. Pertaining to or arising from tactual perception based on
bath cutaneous and kinesthetic information.

Heteromodal. Pertaining to or affecting more than one sensory
modality.

Horizontal disparity. See lateral retinal image disparity.

Independent variable. The aspect of a stimulus or experimental
environment that is varied systematically by the investigator in
order to determine its effcct on some other variable (i.c., the
subject’s response). For example, the investigator might
systematically alter the diameter of a target light in order to
assess the effect of target size (independent variable) on the
observer’s absolute visual threshold (dependent variable).
(Compare dependent variable.)

Induced effect. In stercoscopic vision, apparent tilting of the
visual ficld about the vertical axis caused by vertical magnifi-
cation differences between the left and right eyes’ views. The
magnitude and direction of perceived tilt depend on which eye's
image has greater magnification, as well as on the amount of
magnification difference between right and left eyes. viewing
distance, and interpupillary separation. (CRef. 5.909)

Intermanual transfer. Transfer of the change in performance
duc to practice or exposure from one hand or limb to the other.

Intoersion. Cyclorotational eyc movements toward the midline;
from the point of view of the observer, the right eye rotates
counterclockwise and the left, clockwise. 1t usually occurs in
responsc to oricntation disparity between the right and left
eyes’ views.

Intra-modal matching. A procedure in which the subject matches
the magnitude of a stimulus along some dimension with the
magnitude of another stimulus in the same sensory modality that
1s presented as a standard. (Compare cross-modal matehing.)

Kinesthesia. The sense of movement and position of the limbs
or other body parts, arising from stimulation of receptors in
joints, muscles, and tendons.

Lateral disparity. See lateral retinal image disparity.

Lateral retinal image disparity. The difference in the relative
horizontal position of the visual images of an object on the left
and right retinas due to the lateral separation of the eyes.
(CRef. 5.905)

Light adaptation. The adjustment of the visual system to an 1n-
creasc in illumination in which sensitivity to light is reduced
(threshold for light is increased) as illumination 1s increased.

Massed practice. Extended practice without interspersed rest or
recuperation periods.

Medial plane. The vertical plane passing through the middle of
the body from front to back and dividing the body into left and
right. Sometimes called sagittal plane.

Method of adjustment. A psychophysical method of determining
a threshold in which the subject (or the experimenter) adjusts
the valuc of the stimulus until it just meets some preset criterion
(c.g.. Just appears detectable or just appears flickering) or until
it is apparently equal to a standard stimulus.

Method of constant stimuli. A psychophysical method of deter-
mining a threshold in which the subject is presented with
several fixed. discrete values of the stimulus and makes a
judgment about the presence or absence of the stimulus or in-
dicates its relation to a standard stimulus (e.g.. brighter.
dimmer).

Method of limits. A psychophysical method of determining a
threshold in which the experimenter varies a stimulus in an
ascending or descending series of small steps and the observer
reports whether the stimulus is detectable or not or indicates
its relation to a standard stimulus.

Michelson contrast. A mathematical expression for specifying
contrast of periodic patterns: defined as (L, — Ly (Lo
+ L), where L, and L, are the maximum and minimum
luminances in the pattern. Michelson contrast ranges
between 0 and 1. (CRef. 1.601)

Monaural. Pertaining to. affecting. or impinging upon only one ear.

Monocular. Pertaining to, affecting. or impinging upon only
one cye.

Myotatic stretch reflex. A reflexive contraction of a muscle in
response to passive longitudinal stretching.

Negative aftereffect. The occurrence of a perceptual effect in
response to a stimulus that is opposite to the original effect
clicited by a stimulus that preceded it. For example, after a
heavy weight is lifted, a second weight appears lighter than if
the first had not been lifted.

Neutral density. See neutral density filter.

Neutral density filter. A light filter that decreases the intensity
of the light without altering the relative spectral distribution of
the energy: also known as a gray filter.

Nonius markers. A pair of lines or other contours presented,
one to each eye, which are in vernier alignment in the combined
(binocular) view when left and right stereoscopic half-fields
are in proper registration on the retinas. Nonius markers arc
used in stereoscopic displays to facilitate proper fixation as
well as to assess convergence (fixation distance), vertical eye
rotation, and image size differences between the eyes.

Nystagmus. Involuntary rhythmic movements of the eyes, which
generally take the form of a slow drift alternating with a quick
movement in the opposite direction.

Optic node. The optical center of the compound lens system of
the eye (center of curvature of the cornea in the simple lens
equivalent).

Orientation disparity. Rotation of the image in one eye with
respect to the image in the other eye. This causes correspond-
ing image points to fall on noncorresponding (disparate) retinal
locations for all points in the binocular ficld except a point at
the center, provided optical axes are parallel. (CRef. 5.908)

Otolith organs. Two small sack-shaped organs (the utricle and
the saccule) that are embedded in the temporal bones on cach
side of the head near the inner car and are sensitive to gravity
and lincar acceleration of the head.

Panum’s fusional area. A small arca surrounding the fixation
point (or any point on the horopter [CRef. 5.910]) in which
objects arc seen as single. even though corresponding image
points may not fall on preciscly corresponding locations of the
two retinas. (CRef. 5.911)
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Passive movement. Movement of a subjeet’s limb or body by a
device or by the experimenter while the subjeet keeps the
moved part as relaxed as possible.

Perceptual adaptation. See adaptation (2).

Photopie. Pertaining to relatively high (daytime) levels of illumi-
nation at which the eye is light-adapted and vision is mediated
by the eone reeeptors. (CRef. 1.103)

Plane of fixation. The plane parallel to the front of the observer’s
body that contains the point of eonvergence (or fixation) of the eyes.

Power spectral density. The average power of a time-varying
quantity within a band 1-Hz wide, as a function of frequency.

Proactive inhibition. Interference of responses learned earlier
with the performanee of responses learned at a later time.

Probit analysis. A regression-like maximum-likelihood procedure
for finding the best-fitting ogive function for a set of binomially
distributed data. Originally developed in connection with phar-
maeologieal and toxicological assays to compute the lethal or
effective dose (dosage affecting S0% of treated organisms); the
procedure has also been applied in psyehophysical studies in
analyzing all-or-nothing (yes/no) responses to computc the
50% threshold (stimulus level eliciting a given response on
50% of trials) and its confidence limits.

Proprioception. The sensing of body movement and position.

Psychometrie function. A mathematical or graphical function
expressing the relation between a scrics of stimuli that vary
quantitatively along a given dimension, and the relative fre-
quency with whieh a subject answers with a certain category
of response in judging a partieular property of thc stimulus
(e.g., “yes” and “no” in judging whether a given stimulus is
detected, or “less than, “equal to,” and “greater than” in eom-
paring the stimulus with a standard stimulus). (CRef. 1.657)

Pulfrich effect. Apparent motion in depth of a laterally moving
target when the retinal illuminanee of one eye is lower than
that of the other eye. A pendulum target appears to move in an
elliptical path in a plane perpendicular to the frontal plane and
parallel to the floor. (CRcf. 5.933)

Random-dot pattern. Matrix pattern of light and dark eells, usually
eomputer-generated, in whieh the probability that any given
cell will be light or dark is determined by a random function.
Such patterns are used in the study of stereoscopie vision
beeause they allow the eonstruction of stereograms eontaining
no depth cues exeept lateral retinal image disparity. Thus only
those with intaet stereopsis mediated by retinal disparity ean
perceive the patterns.

Randomized design. An experimental design in whieh the various
levels of the independent variable are presented in random
order within a given bloek of trials or experimental session.

Reaction time. The time from the onset of a stimulus to the be-
ginning of the subject’s response to the stimulus by a simple
motor aet (such as a button press).

Retina. The membranous strueture lining the inside of the eyeball
which eontains the photoreceptors (rods and eones) that
mediate vision.

Retinal disparity. See lateral retinal image disparity; vertical
retinal image disparity.

Retinal eccentricity. Distance from the eenter of the fovea to an
image on or to an area of the retina generally expressed in
angular terms; corresponds to the distanee in the visual field
from the fixation point to a given object or point in the field.

Retinal image disparity. See lateral retinal image disparity;
vertical retinal image disparity.

Risley prism. A prism assembly eomprised of two thin wedge
prisms (generally identieal) arranged in series. Rotating the two
prisms in opposite direetions alters the magnitude of off-axis
beam deviation but not azimuth, while rotating them in the same
direction changes deviation azimuth but not deviation angle.

Rod. A rod-shaped photoreceptor in the retina of the eye; rods
are distributed only outsidc the fovea and are responsive at low
levels of illumination. (CRefs. 1.201, 1.301)

Sagittal plane. The vertical plane passing through the body from
back to front, and dividing it into left and right (i.e., the
medial plane), or any plane parallel to it.

Scotopic. Pertaining to relatively low (nighttime) levels of illumi-
nation at which the eye is dark-adapted and vision is mediated by
the rod reeeptors. (CRef. 1.103)

Semi-circular canals. Three fluid-filled tubes oriented roughly
at right angles to one another that are embedded in the tem-
poral bones on each side of the hcad near the inner ear and
that aid in maintaining body equilibrium. (CRef. 3.201)

Sensitivity. In a general scnse, the ability to detect stimulation;
in psychophysical studies, refers in partieular to the ability to
be affected by and respond to low-intensity stimuli or to slight
stimulus differences; eommonly expresscd as the reeiprocal of
measured threshold.

Signal detection theory. A theory which holds that performanee on
a deteetion task is a funetion of both the deteetability of the signal
(or the sensitivity of the observer) and the observer’s eriterion
or response bias in reporting the signal. (CRef. 7.420)

Sine-wave grating. A bar pattern in which some property (generally
luminancc) varies with spatial position according to a sine
function in a direction perpendicular to thc bars. (CRcf. 1.601)

Single vision. The pereeption of a single objeet from the
scparatc imagcs of the object in each eyc. (CRef. 5.911)

Spaced praetice. Practice in which practice periods are intcrspersed
with rest intervals.

Spatial frequency. For a periodic target, such as a pattcrn of
equally spaeed bars, the reeiproeal of the spaeing between bars
(i.e., the width of one cyele, or one light bar plus one dark
bar), generally expressed in cycles per millimeter or cyeles per
degree of visual angle.

Spherical aberration. Image degradation in an optical system
that oeeurs when light rays passing through the central and
outer zoncs of a lens are brought to a foeus at different
distances from the lens. (CRef. 1.211)

Stabilized vision. Vision in which, through optical or other means,
the image of a target is made to move exactly with the eye so
that the same portion of the retina is always stimulated, that is,
the image does not move on the retina when the eye moves.

Stairease procedure. A variant of the method of limits for deter-
mining a psychophysieal threshold in whieh the value of the
stimulus on a given trial is increased or decreased depending
on the observer’s response on the previous trial or group of
trials.

Standard deviation. Square root of the average squared deviation
from the mean of thc observations in a given sample. It is a
mcasure of the dispersion of seores or obscrvations in the
samplc.

Standard error of estimate. The standard deviation of thc sampling
distribution of a population statistic (such as thc mcan, me-
dian, or variance); it is a measure of the variability of the
statistic over repeatcd sampling.

Standard error of the mean. The standard dcviation of the sam-
pling distribution of the mean; mathematically, the standard
deviation of the given data sample divided by the square root
of one less than the number of observations. 1t describes the
variability of the mean over repeated sampling.

Stereoacuity. The ability to diseriminate dcpth or distance solely
on the basis of lateral retinal image disparity; usually expressed
as the smallest dctectablc diffcrence in depth of two targets (in
seconds of are of visual angle).

Stereogram. A pair of two-dimensional drawings, photographs,
ete., presented separately to the right and left eyes by a
stereoseope or other means; generally, each half of the
stereogram represents the same scene from a slightly different
viewpoint, so that their fusion by the visual system gives rise
to a single impression charaeterized by relicf, depth, or threc-
dimcnsionality.
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Stereopsis. Visual perception of depth or three-dimensionality;
commonly used to refer specifically to depth arising from
lateral retinal image disparity.

Stereoscope. An instrument used to present a separate visual dis-
play to each eyc. Typically utilizes a system of mirrors,
prisms, or lenses to present two specially constructed flat pic-
tures (one to each eye) that, when combined by the visual
system, give the impression of solidity or three-dimensionality.

Stereoscopie. Of or pertaining to stereopsis.

Subjective vertical. The orientation the obscrver perccives (indi-
cates) as being vertical, which may or may not be true
(gravitational) vertical.

Telestereoscope. A device for producing an appearance of cxag-
gerated depth in scenes by increasing effective interpupillary
distance (and thus lateral retinal image disparity). 1t permits
depth judgments for objects otherwise too distant to judge.
(CRef. 5.1102)

Threshold. A statistically determined boundary value along a given
stimulus dimension that separates the stimuli eliciting one
response from the stimuli eliciting a different response or no
response (e.g., the point associated with a transition from *‘not
visible” to *visible” or from *‘greater than to *“equal to” or
*“less than”). (CRef. 1.657) (See also absolute threshold, dif-
ference threshold.)

T-test. A statistical test used to compare the mcan of a given samplc
with the mean of the population from which the sample is
drawn or with thc mean of a second sample in ordcr to dcter-
mine the significance of an expcrimental effect (i.e., the prob-
ability that the results observed were duc to thc cxperimental
treatment rather than to chance). Also known as Student’s t-test.

Two-alternative foreed-choice paradigm. An experimental pro-
cedure in which the subject is presented on each trial with one
of two alternative stimuli and must indicate which stimulus oc-
curred; a response must be made on each trial even if the sub-
ject must gucss. Commonly referred to as a “‘criterion frec”
method of determining sensitivity.

Vernier acuity. The ability to discern the alignment (colinearity)
or lack of alignment of two parallel lines placed one above the
other, as in reading a vernier scale; frequently expressed in
terms of the smallest detectable misalignment in seconds of
arc of visual angle. (CRef. 1.602)

Vertical retinal image disparity. The differencc in the relative
vertical position of the visual images of an object on the left
and right retinas.

Vestibular sense. The sense mediated by the otolith organs and
semi-circular canals that is concerned with the perception of
head position and motion and is stimulated by acceleration
associatcd with head movements and changcs in the pull of
gravity relative to the head. (CRef. 3.201)

Visual aeuity. Thc ability of an obscrver to resolve fine pattern
detail. Acuity is usually specified in terms of decimal acuity
dcfined as the reciprocal of thc smallest resolvable pattern
dctail in minutcs of arc of visual angle. *“*Normal™ or average
acuity is considered to be 1.0 (a resolution of 1 min arc), al-
though many young adults havc a decimal acuity slightly better
than this. (CRef. 1.602)

Visual angle. The angle subtended at the eye by the linear extent
of an object in the visual field. It determines linear retinal im-
age size. (CRef. 1.240)

Visual capture. The tendency for visual information to dominate
in determining perception when visual information and infor-
mation from some other sensory modality (such as touch) arc
discrepant.

Visual direction. (1) The physical dircction of the line of sight
of the eye. (2) The relative direction in subjcctive visual space
associated with a given point on the rctina.

Visual position constancy. The tendency for the visual field to
appear stable and motionlcss when the observer moves his or
her eyes or head, despite the image motion on the retina caused
by such movements.

Wheatstone mirror stereoscope. A stcreoscope of the type invented
by physicist Charles Wheatstonc which utilizes a system of mirrors
to present a different visual display to each eye; when the dis-
plays for thc two eyes arc appropriately constructed to represent
the same object or visual scene from slightly different vicw-
points (or positions in spacc), the rcsult is the perception of a
single image apparently having depth or three-dimensionality.

White noise. Random noise whose noise spectral level (noise-power
density) is uniform over a wide frequency range; termed * white
noise’”’ by analogy with white light.
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5.1 Size, Shape, and Distance
5.101 Binocular Versus Monocular Aircraft Landing Performance
Key Terms

Aircraft landing; aircraft piloting; monocular viewing; mo-
tion in depth; range estimation

General Description

The ability of qualified pilots of both jet and light aircraft to
land is not degraded by occluding one eye.

Applications

Relevant to certification of pilots who have lost an eye.

e No monctary reward for good
performance; instructions to guard
against mental letdown when mak-
ing binocular landings

e All pilots had prior knowledge of
previous monocular vs. binocular
landing study results

e Landings performed in Piper
PA-28-180 Cherokee aircraft

(180 hp)

Study 3 (Ref. 3)

¢ Good visibility conditions

e Number of binocular, left eye
monocular and right eye monocular
landings is not specified

® No monetary rcward for good
performance

¢ Pilots had no prior knowledge of
binocular vs. monocular landing
study results

¢ Landings performed in T-33A jet
trainer

Methods

Test Conditions

Study 1 (Ref. 1)

¢ Good visibility conditions

¢ |8 monocular and | 8 binocular
touch-and-go landings were made
¢ Monetary reward for accurate
monocular and bonocular landings
used as performance incentive

¢ Dominant eye used on all mon-
ocular landings

® Pilots had no previous knowl-
edge of monocular vs. binocular
landing study results

¢ Landings performed in Beech
Sport training aircraft (180 hp)

Study 2 (Ref. 2)

¢ Good visibility conditions

® 6 binocular and 12 monocular
(6 lefteye, 6 right eye) landings

Figure 1.
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Mean distance errors made by 13 low-time pri-

vate pilots landing binocularly and monocularly (Study 1).
There was a rest pause between landings 12 and 13. (From

Ref. 1)

Experimental Procedure
(across studies)

¢ Independent variable: binocular
versus monocular vision

¢ Dependent variable: distance
from specified touchdown line, ap-
proach angle, sink rate, seismo-
graph readings, physiological
measures

e Subjects tasks: to land the air-
craft as close as possible to a line
extending across the runway

® |3 |ow-time private pilots
(Study 1); 30 low-time general
aviation pilots (Study 2); 13 NASA
research pilots qualified for T-33A
Jet Trainer (Study 3)

Experimental Results

® Ability to land an aircraft at a designated spot 1s not de-
graded by patching one eye of a qualified pilot.

® Monocular approaches arc higher and stecper than binoc-
ular approaches.

® Pilot workload is increased during monocular landings.

Variability

The standard error of the average miss distancc was 5.3 m
for the binocular jet landings (Study 3) and 2.6 m for the
monocular. For the general aviation pilots (Study 2), the
standard errors of the average miss distances ranged for
0.78-2.09 m for the binocular landings and from
0.55-1.48 m for the monocular oncs.

Constraints

¢ Experiments conducted only under conditions of clear
visibility.

e The T-33A Jet Trainer used in Study 3 has rclatively doc-
ile handling charactcristics.

*2. Lewis, C. E., Jr., Blakely,

W. R., Swaroop, R., Masters,

R. L., & McMurty, T. C. (1973).
Landing performance by low-time
private pilots after the sudden

loss of binocular vision—
Cyclops 1. Aerospace Medicine,
44, 1241-1245.

Key References

*1. Grosslight, J. H., Fletcher,
H.J., Masterton, R. B., & Hagen,
R. (1978). Monocular vision and
landing performance in general
aviation pilots: Cyclops revisited.
Human Factors, 20, 27-33.

*3. Lewis, C. E., Jr., & Drier,
G. E. (1969). Flight research pro-
gram: X1V. Landing performance
in jet aircraft after the loss of
binocular vision. Aerospace
Medicine, 40, 957-963.

5.103 Pilot judgments of distance,
height, and glideslope angle from
computer-generated landing
scenes;

Cross References

5.102 Perception of impact point
for simulatcd aircraft carrier
landings;
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5.104 Visual angle as a determiner
of perceived size and distance;

5.901 Monocular distance cues;

5.907 Retinal image disparity duc
10 image magnification in one eye

Boff, K. R., & Lincoln, J. E. Engineering Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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5.1 Size, Shape, and Distance

5.102 Perception of Impact Point for Simulated
Aircraft Carrier Landings
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Key Terms

Aircraft carriers; aircraft landing; aircraft piloting; flight
simulation; glideslope; motion cues; motion in depth; optic
flow pattern; range estimation; training simulation

General Description

For simulated landings of an aircraft on an aircraft carrier
(Ref. 2), the expansion pattern provided by optical flow
(1.e., real motion) does not increase accuracy beyond that
for the static scene: the aim point can be accurately deter-
mined on the basis of configural information provided by
stern and deck combined. Also, neither horizon information
nor ocean texture is necessary.

Applications

Training of aircraft pilots and design of equipment related to

landing aircraft.

Methods

Test Conditions

o Carrier and ocean simulated by
shadowgraph technique (casting
shadows on an opal glass screen);
approach to deck simulated by
movement of model on track to-
wards light source; manipulation of
track and model produced different
flight path angles

® Viewing distance ~254 cm
(100 in.); monocular viewing
through ~0.1 cm diameter arti-
ficial pupil

e Simulated approach was at

88 knots beginning at ~2 kmon

one of five glide paths at 5-deg
angle

o Glide path impact point was ref-
erence zero (center of deck covered
by arresting cables) or points 30 or
61 m (100 or 200 ft) fore or aft of
reference zero

o Dynamic approaches varied

in length, beginning at ~2 km
(6500 ft) and ending at 915, 458,
229, or 92 m (3000, 1500, 750,

or 300 ft)

o Static viewing at 915, 458, 229,
or92m

o Observer viewed a full approach
to reference zero before a block of
trials, then viewed a set of random-
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Figure 2. Data from Fig. 1 with dynamic and static results
combined for each range value. (From Ref. 2)

ized distance/glide path settings in
adynamic or static block

Experimental Procedure

e Independent variables: static ver-
sus dynamic viewing, impact point
(glide path), length of approach

® Dependent variable: percent
overshot responses

e Observer's task: judge whether
the projected landing was *‘high,”
“on,”" or “‘low”

® 4 male high school seniors with
normal vision

Variability

Experimental Results

o Figure | shows results for static and dynamic conditions
for each approach length. There are no differences between
the conditions; therefore Fig. 2 shows the results collapsed
across static and dynamic conditions.

o Longer approaches lead to more accurate judgments.

No information on variability was given.

Repeatability/Comparison with Other Studies

Other studies have found good accuracy with experienced
pilots under night-time conditions with only landing lights
as guidance (Ref. 1).

Constraints

o Observers were not experienced pilots.

Key References

1. Gold, T., & Hyman, A. (1968).
Research in visual perception for
carrier landing (SGD-5265-0031)
Great Neck, NY: Sperry Gyroscope
Co. (DTIC No. AD682488)

*2_Kaufman, L. (1968). Research
in visual perception for carrier
landing. Supplement 2. Studies on
the perception of impact point
based shadowgraph techniques
(SGD-5265-0031 [Suppl. 2]).
Great Neck, NY: Sperry Gyroscope
Co.

Cross References

5.101 Binocular versus monocular
aircraft landing performance;

5.103 Pilot judgments of distance,
height, and glideslope angle from
computer-generated landing
scenes;

5.104 Visual angle as a determiner
of perceived size and distance;

5.502 Optical flow patterns and
motion perspective;

Handbook of perception and
human performance, Ch. 19,
Sect. 3.3.

875



5.1 Size, Shape, and Distance

5.103 Pilot Judgments of Distance, Height, and Glideslope
Angle from Computer-Generated Landing Scenes
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Figure 1.

Distance, height, and giidesiope angie judg-

ments as a function of visuai scene detail (dynamic im-
agery). Level 1 is most detaiied; ievei 4 is least detaiied.

{(From Ref. 1)

Key Terms

Aircraft landing; aircraft piloting; computer generated im-
agery; flight simulation; glideslope; pilot judgment; range
estimation; scene content; training simulation; visual cues;

visual simulation

General Description

Pilot judgments of distance, height, and glideslope angle
were made from static and dynamic computer-generated
landing approach scenes of four levels of detail from com-
plex to austere. Visual scene detail significantly affects only
absolute errors in distance judgments, with these errors
being smaller for the less complex scene. Essentially, pilots
obtain landing information as accurately from simplified vi-
sual scenes as from more complex ones.

__

Figure2. Distance, height, and giidesiope angle judg-
ments (dynamic imagery). (From Ref. 1)
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Figure 3. Distance, height, and glideslope angle judg-
ments (static imagery). (From Ref. 1)

Applications

The design of visual simulations for final aircraft approach.

Methods

Test Conditions

e Computer-generated imagery
landing approach scenes electroni-
cally generated, stored on video
tape, and presented on color televi-
sion monitor of unspecified size;
lens over display face to collimate
this display; viewing distancc not
specified but display subtended

48 deg of visual angle horizontally
and 36 deg vertically; display
viewed in dimly illuminated room;
illuminance not specified;

viewing distance determined by
collimating levels on display

876

® Four levels of scene detail;

level | most complete (horizon,
fields, strcets, airfield with run-
way, parallel runway, taxiways,
approach lights, runway threshold,
centerline and touch down mark-
ings); level 4 Icast complete (hori-
zon and airfield with single runway
only); levels 2 and 3 intermediate
to levels 1 and 4, with succes-
sively less complete content

® Scenes generated for five posi-
tions along glideslope, from
4.000-250 m from runway
threshold

e Dynamic landing approaches: vi-
sual scene began + 40% from nom-

inal scene position and ended
-40% from nominal scene posi-
tion; simulated aircraft speed not
reported
® Stalic-scene presenlation: five
positions used ( +40% and + 20%
from nominal, nominal position,
—20% and — 40% from nominal);
static-scene viewing time 3 sec
e Each observer received all ex-
perimental conditions; static scenes
presented first to each observer;
scenes with greatest nominal dis-
tance from runway threshold pre-
sented first, second greatest
nominal distance second, etc; at
each nominal distance, scenes of
deviations from nominal as well as

nominal presented in random
sequence; nominal distance se-
quence same for dynamic trials;
scene complexity always presented
in following sequence: 1, 3, 2, 4;
distance judgments made first, fol-
lowed by height, and finally glide-
slope angle judgments

Experimental Procedure

e Independcnt variables: static ver-
sus dynamic imagery, nominal dis-

tances from runway threshold, and

scene content

® Dependent variables: percentage
of nominal, defined as judged value

Boft, K. R., & Lincoln, J. E. Engineering Data Compendium: Human

Perception and Performance.

Ra

MRL, Wright-Patterson AFB, OH, 1988.
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divided by nominal value and mul-
tiplied by 100 (values >100%
show underestimations; values
<100% show overestimation); ab-
solute error percentage, defined as
the absolute difference value be-

tween the judged and nominal
value, divided by the nominal
value and multiplied by 100

e Observer’s task: for static scenes,
given a verbal description of nomi-
nal, verbally respond to each scene

as nominal or not nominal; for dy-
namic imagery, when given a ver-

bal description of nominal, depress
a button when nominal scene value

is observed; no feedback given

¢ 28 observers, military
transport pilots, ages 23-44 years,
400-8,000 hrs flight experience,
normal vision assumed

Experimental Results

e No statistically significant differences were found for any
of the independent variables with static scene presentations.
e Level of scene detail produced significantly different per-
formance only for distance judgment using absolute error
percentages in the dynamic scene conditions. Higher error
levels were obtained for the Level 2 scene than for Levels 3
and 4 (less complex levels).

Variability
No information on variability was given.

Repeatability/Comparison with Other Studies

Results are in keeping with those for real-world landing
approaches (Ref. 4) and for simulated night landing ap-
proaches (Ref. 3). Using computer-generated imagery and
the task of judging adherence to a specified glide path, it
also has been determined that the most important visual cue
during landing is the motion of the leading edge of the run-
way, with the visual threshold corresponding to a total an-
gular movement on the order of 0.1 deg (Ref. 2). This result
is independent of the presence of a horizon and/or the
changing geometric pattern formed by the runway.

Constraints

e Display field of view is believed to be relatively
constrained.

e Whether the visual scenes simulated daylight or dusk was
not specified.

e Results should not be generalized to tasks other than ap-
proach and landing without empirical verification.

¢ Generalizability of results to proper simulator manual
control techniques requires verification.

¢ Performance differences due to observer experience were
not reported.

2. Edwards, G. D., & Harris, J.S.,

Key References
Sr. (1974). Analysis of visual stim-

3. Mertens, H. (1981). Perception
of runway image shape and ap-

4. Mizumoto, K. (1975). A study
on altitude and distance judgments

*1. Dorfel, G. (1982). Pilot judg-
ments of distance, height, and
glide-slope angle from computer-
generated landing scenes. Interna-

ulus in aircraft approach to
landing operations (S10 refer-
ence 74-8). Claremont, CA:
Scripps Institute of Oceanography.

proach angle magnitude by pilots
in simulated night landing ap-
proaches. Aviation, Space, and
Environmental Medicine, 52,

of pilots during final approach.
Aeromedical Laboratory, JASDF,
Japan.

tional Conference on Flight Simu-
lation, Avionic Systems, and Aero-
Medical Aspects, London.

373-386.

5.104 Visual angle as a determiner
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5.104 VisualAngleasaDeterminerofPerceived SizeandDistance

Key Terms

Distance perception; monocular depth cues; moon illusion;
range estimation; size constancy; size-distance invariance;
target recognition; visual angle

General Description

Visual angle, A, refers to the angle measured from the nodal
point of the eye of an observer, 0, to the endpoints of a lin-
ear extent, x, in the visual field (Fig. 1). The visual angle
subtended by a given linear extent will depend on its magni-
tude, its distance from the observer, and its ortentation with
respect to the observer; however, when an object ts perpen-
dicular to the line of regard and the distance to the object ts

large relative to the linear extent of the object, the visual
angle relation applies. This rule states that the visual angle
subtended by an object is directly proportional to its size
and inversely proportional to its distance from the observer.
Thus, visual angle is relevant to assesstng both size and dis-
tance information. Various studies indicate that people are
aware of the differences in visual angle produced by an ob-
ject at different distances, even under normal viewing, and
especially if distances are large. Under reduced viewing
conditions, size and distance judgments are both strongly

influenced by visual angle.

Applications

Observers, such as nighttime operators of aircraft or naval
craft, judging the size and distance of objects in the absence
of good distance cues, are likely to make errors in both size

and distance judgments.

Methods

Test Conditions
Study 1 (Ref. 1)

e Plane white isosceles triangles
1.1, 1.4, 1.7 or 2.0 m high. placed
on level open field at distances of
30.5, 61,122, 244,488, or 1219 m
from observer

® Variable triangle adjustable from
0-2.2 m, placed 30.5 m from
observer

o Binocular viewing: unlimited
viewing time

Study 2 (Ref. 3)

e Electroluminescent disc, 82-mm
diameter, presented in darkness

at distances of 59, 118, 235, or
470 cm to create visual angles of
1.2.4,0r8deg

® Monocular viewing

Study 3 (Ref. 2)

o Electroluminescent discs; stan-
dard of 24-mm diamet(cr placed
115 cm away and 17.5 deg to right
of observer’s median plane

(1.2 deg visual angle); comparison
placed 17.5 deg to left of ob-
server's median plane at distances
of 25,45,75. 115,195, 295,

or 395 ¢cm (Conditions 1 and 2)

or at fixed distance of 115 cm
(Condition 3)
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o Comparison stimulus either var-
ied in size (Conditions 1 and 3) or
was fixed 24 mm (Condition 2)

® Visual angle of comparison stim-
ulus was fixed in Condition 1 and
variable in Condition 2 (with fixed-
size stimulus presented at diffcrent
distances) and Condition 3 (with
variable size stimulus presented at
fixed distance)

® Monocular viewing; unlimited
exposure time

Experimental Procedure
Study 1

® Method of adjustment

¢ Independent variables: distance
of standard, size of standard. ob-
Jjective versus projective instruc-
tions, ascending versus descending
adjustments, order of instructions
e Dependent variable: height of
variablc triangle

o Observer’s task: adjust height of
variable triangle to match either the
objective height or the projective
height of the standard triangle

® 32-36 high school student
observers

Study 2

e Magnitude estimation

® Independent variables: visual
angle of disc, order of size and dis-
tance judgments

dl
e

d2

—

Figure 1. lllustration of the relation between visual angle,
A, linear extent, x, and distance of an object from an ob-
server, 0. The endpoints of the linear extent are at dis-
tances d7 and d2 from the observer; angles BT and B2 are
taken with respect to the endpoints of the linear extent and
the line of regard from 0. The general geometric relation s
x/(sin A) = d1/(sin B2) = d2/(sin B7). When x Is small relative
to d7 and d2, and BT and B2 are approximately 90 deg, this
relation leads to the approximation A = x/d. (From Hand-
book of perception and human performance)

Y
RATIO
1.0 | a = Thouless
® = Brunswik tar slandard
) = Brunswik hypothetical near standard
B
]
= C
-
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4 a
(]
1231
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(]
0 I —T e e =
61 122 244 488 1219

Distance (meters)

Figure 2. Perception of angular extent under naturalistic
conditions (Study 1) with data plotted In Thouless ratios
(filled triangles) and Brunswik ratios (filled circles), which
measure relative closeness to objective (ratlo = 1) and pro-
jective (ratio = 0) matches. Projective matches, requiring
perception of angular extent, become more accurate with
Increasing distance. (Open circles show Brunswlik ratlos
that would have been produced for the same data by re-
versing the designation of standard and comparison stimuli
and lllustrate the sensitivity of Brunswik ratlos to the arbl-
trary designation of the standard.) (From Handbook of per-
ception and human performance, based on data from Ref. 1)

condition (visual angle ol
comparison)

e Dcpendent variable: magnitude
estimation ol comparison relative

® Dependent variables: size judg-
ment, distance judgment

e Observer's task: estimate the size
and distance from observer ol illu-

minated disc to standard
o 80 psychology students e Observer’s task: estimate magni-
tude of comparison stumulus rela-
Study 3 : i
tive to the standard

® Magnitude estimation

® 96 psychology students (36 in
® Independent variables: viewing

Exp. I and 60 in Exp. 2)

Boff, K. R., & Lincoin, J. E. Enﬂ;\neering Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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o = Size 3 tent of an electroiumines-
e - 5 cent disk viewed with one
: 1 '2 ; ;3 ’ eye in totai darkness (Study
. 2). Estimated size increased
Visual Angle (degrees) and estimated distance de-

creased as the visual angle
of the disc Increased. (From
Ref. 3)

Experimental Results

o In Study 1, observers slightly overestimate both objective
and projective size.

® Projective matches become more accurate with increas-
ing distance (Fig. 2).

¢ In Study 2, estimated size of disc increases with increas-
ing visual angle; estimated distance of disc decreases with
visual angle (Fig. 3).

¢ In Study 3, estimated size of disc compared to standard
increases with increasing visual angle and estimated dis-
tance decreases with visual angle, independent of actual
distance or size of comparison stimulus (Fig. 4).

Variability

Six observers unable to make objective matches for largest
standard in Study 1; standard deviations of judgments
ranged from 5-24% of mean for objective judgments and
from 6-67% for projective judgments. Data from 3 observ-

ers were replaced in Study 2. No information on variability
was given in Study 3.

Repeatability/Comparison with Other Studies

Most studies agree that when observers are provided good
depth cues (a) objective judgments are fairly accurate and
(b) projective judgments are difficult for comparisons over
limited distances. Other studies have also reported that size
and distance judgments vary with visual angle.

Constraints

® Subjective matching tasks appear to be strongly influ-
enced by the nature of instructions given to observer.

® Size and distance judgments are normally influenced by
observer’s familiarity with objects.

S
[ ESTIMATES
25— a = Size

& = Distance

20+

Mean Estimate

T T T

T T
25 .5 1 2 4 6 10

Visual Angle (degrees)

Figure 4. Perceived relative size and distance as a func-
tion of the anguiar extent of an eiectroiuminescent disc
viewed with one eye in dark fieid containing a standard disc
of 1.2 deg (Study 3). Estimated relative slze increased and
estimated reiative distance decreased as the visual angie
of the comparison disc was increased, by presenting differ-
ent sized discs at a fixed distance. (From Ref. 2)
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5.1 Size, Shape, and Distance

5.105 Visual Perspective and the Specification of Shape and Distance

VPc vPb
b > Honizon
4

Figure 1. Specifying the shape of a polygon from vanishing points and horizons in the
perspective structure. The shape of a polygon lylng on a surface Is specified by relations
between the vanishing points of the sides and diagonals of the polygon. The angle C be-
tween any two adjacent sldes, a and b, equals the angle from the point of observation to
the vanishing points, VPa and VPb, of the sildes on the horizon of the surface. The relative
lengths of the sides can be speclfied by creating a triangle with the diagonal, c. Then, by
law of sines, a/b = sin A/sin B. (From Ref. 2)

(a) (b)

Figure2. The shape of a surface or of an object resting on a surface can be determined by
the surface’s texture scale. Texture elements provide a unit of measurement to specify the
distances between polnts on the boundary of the surface or of the object. Specification of
enough distances determines the shape of the object. (From Ref. 2)

Key Terms

Egocentric distance; field of view; linear perspective; per-
ceived distance; range estimation; target acquisition; texture
gradient; training; vanishing point; visual simulation

General Description surface.can be defined as the limiting boundary of the two-
dimensional projection of a surface extending indefinitely in
depth, and a vanishing point can be defined as the intersec-
tion of the edge’s two-dimensional projection with the hori-
zon of the surface containing the edge (CRef. 5.115 for an

The visual field available to an observer contains a set of
linear perspective relations that impose a perspective struc-
ture on the field. This structure can be characterized in
terms of horizons and vanishing points. The horizon of a

880 Boft, K. R., & Lincoln, J. E. Engineenng Data Compendium. Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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alternative definition). Horizons and vanishing points pro-
vide a means of specifying the shape, the size, and the dis-
tance from the observer of any object in the field of view.

Shape Specification

The shape of any polygon is determined if (1) the internal
angles between every pair of adjacent sides are known and
(2) the relative lengths of the polygon’s sides are known.
Both kinds of information are prcsent in the perspective
structure. The internal angle between any pair of adjacent
sides equals the angle between the vanishing points of the
sides from a point of observation (Fig. 1). The relative
lengths of the polygon’s sidcs are specified if the diagonals
connecting each vertex are used to divide the polygon into
triangles (see Line ¢ in Fig. 1). Given the vanishing point of
the diagonal, the internal angles of the Triangle abc are all
specified. Hence, using the law of sines for triangular
shapes, the relative length of sides @ and b can be expresscd
in terms of the internal angles as

a/b = sin A/sin B,

where A and B are the internal angles opposite a and b, as
shown in Fig. 1.

It is important to note that shape may also be specified
by other features of a surface, such as the texture scale. A
homogeneously textured surface contains an implicit scale
in which the textural elements are the units of measurement
both for the shape of the surface and for the shape of any
object supported by the surface. These elements specify the
relative distance between any two points on the boundary of
the shape. The shapc of any polygon is determined when
distances are specified for all sides and enough diagonals
are used to divide the polygon into triangles; the shape of
any curved shape is closely approximated as more and morc
diagonals are specified (Fig. 2).

Distance Specification
The distance from an observer, or egocentric distance, of

any point on a surface is specified by the following rclations
between the point of observation, the distant point, and the
horizon of the surface. Egocentric distance, |, cquals the
height of the point of observation above thc surfacc, #,
times the cotangent of the angle, A|, formed between a line
of sight to the distant point and the horizon of the surface,
that is,

dy = h(cotA)).

This relation is illustrated in Fig. 3.

In addition, the relative distance from an obscrvcer to
each of two points on a surfacc, d,/d>, cquals the ratio of
the cotangents of the associated angles, cot A,/cot A,.
When the distances are large relative to the height of the ob-
server, relative distance is approximately equal to thc rela-
tive angle between each point and the horizon of the
surface, Ay/A).

Size Specification

The height of any object in contact with a surface (e.g., the
height of any object in contact with the ground) is given by
the horizon-ratio relation. This exprcsses the vertical height
of an object, v, relative to the height of thc observer above
the surface, A, in terms of the angles between the horizon
and the top of the object, E, and its bottom F (Fig. 4). The
relation can be written as

v/h = 1% (tan E/tan F),

where plus is used when the object extends above the hori-
zon, and minus is used when the top of the objcct is below
the horizon.

When the angles F and F are relativcly small, as occurs
when most objects are relatively distant from the observer,
the height of the object is closcly approximated by the sim-
ple ratio between the angle subtended by the object, V, and
the angle between the horizon and the bottom of the object,
F, so that

vih = VIF.

To horizon
of surface

Surface

Figure 3. Specification of distance from an observer in terms of the horizon of a surface.
The distance, dy, from an observer to a point on a surface, such as the ground, is specified
in terms of the height of the observer, h, and the angie, Ay, between the iine of sight to the
point and the horizon, such that d; = h(cot Ay). The reiative distances from an observer of
two points, dy and da, is specified in terms of the ratio cot Ay/cot A,. When the distances are
iarge in comparison to the observer’s height, the reiative distance is approximateiy A,/Aq.

(From Ref. 1)
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5.1 Size, Shape, and Distance

Applications

To the degree that human observers use perspective struc-
ture to determine the shape, distance, and size of objects in
the visual field, operators in ficld conditions with unusual
elevations, such as on aircraft, naval craft, or mountainous
terrain, will perform better if trained to compensate for
changes tn the height, A, of horizons.

Key References

*1. Sedgwick. H. A. (1973). The
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*2. Sedgwick, H. A. (1986). Space
perception. In K. R. Boff, L. Kauf-
man, & J. P. Thomas (Eds.),
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acuity;
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ing distance;

5.103 Pilot judgments of distance,
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scenes;

5.104 Visual angle as a determiner
of perceived size and distance;
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of size and direction;

5.108 1llusions of perceived size
and distance;

5.112 Relation between perceived
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5.115 Representation of slant by
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7.510 Search time: effect of target
luminance, size, and contrast;

7.511 Search time and eye fixa-
tions: effects of symbol color, size,
and shape

Figure 4. Speclfication of size in terms of the surface horizon. The height, v, of an object
above a surface with which It Is In contact, relative to the helght, h, of an observer, Is speci-
fied by the horizon-ratio relation in terms of the angle E, between the horizon and the top of
the object, and the angle F, between the horizon and the bottom of the object. Formally, the
relation is v/h = 1 +(tan E/tan F), where the plus is used if the object extends above the ho-
rizon and the minus If the top of the object|s below the horizon. If the object Is relatively
distant from the observer, so that the subtended angle Is small, the relative height of the
object Is approximated by the simple ratio V/F, where VIs the angle subtended by the ob-
ject from the point of observation. (From Ref. 1)
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5.1 Size, Shape, and Distance

5.106 Classic Geometric lllusions of Size and Direction

Figure 1. lllusions of direc-
tion. (From Handbook of

perception and human
performance)

Key Terms

Delboeuf illusion; Ebbinghaus illusion; Ehrenstein illusion; S P, .

Hering illusion; illusions; Miiller-Lyer illusion; Orbison il- b o

lusion; perceived size; Poggendorft illusion; Ponzo illusion;

target acquisition; vertical-horizontal illusion; visual search;

visual stimulation; Zollner illusion

General Description

An illusion can be defined as a percept that is not in accord
with what we know to be true. Of interest here are geomet-
ric illusions, which involve changes in apparent size or di-
rection in certain lines in a figure (test lines) due to the
presence of other lines in the figure (inducing lines). Some
general findings:

o [llusions occur when eyes are prevented from scanning
(Ref: 6)

¢ The illusions tend to be reduced by repeated viewing, but
only if observers’ eyes are allowed to move freely

¢ lllusions analogous with the sense of touch have been
produced (Ref. 4).

The mechanisms responsible for these illusions remain
controversial and are not likely to be the same for all illu-
sions. The table provides representative examples of the
most familiar geometric illusions of size and direction,
briefly describes the illusions, and explains factors that af-
fect the illusions.

Applications

Design of environments in which size or direction judg-
ments are crucial.

Figure 2. lllusions of size. (From Handbook of perception
and human performance)
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(a)

(b)

(c)
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Illusion Description Factors References
lllusions of Direction
Poggendorff illusion (Fig. 1a) An oblique line Is interrupted by lllusion persists when only oblique Ref. 3
a vertical bar, and the visible angles remain in figure. lllusion op-
segments of the line do not appear posite in direction when only acute
colinear angles remain. Can be produced
when inducing contours are illusory
contours
Zoliner illusion (Fig. 1b) Long oblique lines interrupted by Magnitude of illusion affected by Ref. 5
short horizontal and vertical lines no  angle of intersection of inducing
longer appear parallel and test lines
Hering illusion (Fig. ic) Horizontal parallel lines appear One can still produce illusion when Ref. 5
bowed due to oblique inducing lines  intersection of contours is replaced
by dots or empty spaces. Contradic-
tory disparity cues do not affect illu-
sion. Magnitude of illusion affected
by angle of intersection of inducing
and test lines
Ehrenstein and Orbison illusions The square (Ehrenstein illusion) and
(Figs. 1d, 1e) circle (Orbison illusion) are distorted
by inducing pattern
lllusions of Slze
Muller-Lyer illusion (Fig. 2a) Horizontal lines of equal length ap- Contradictory disparity cues do not Refs. 2, 5
pear to be of different lengths affect illusion. Factors which make it
possible to differentiate shaft from
inducing components are color
change, gaps, etc. Scanning eye
movements tend to reflect illusion
magnitude
Ponzo illusion (Fig. 2b) Two horizontal lines of equal length,  Magnitude of illusion affected by Ref. 5
enclosed by converging lines, ap- angle of converging lines; inten-
pear to be of different lengths sified by use of large number of
converging lines. lllusion persists
when inducing lines are clearly
separated from horizontal lines in
depth
Vertical-horizontal illusion (Fig. 2¢) Vertical line appears longer than Determined by retinal coordinates Ref. 1

horizontal one

of lines

Delboeuf and Ebbinghaus illusions

(Figs. 2d, 2e)

Circles of equal size appear to be of
different sizes
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5.107 Geometric lllusions: Contribution of
Low-Spatial-Frequency Information

A= =
o =

Figure 1. (a) Standard Miuller-Lyer lllusion; the shafts appear to be unequal, although thelr
lengths are the same; (b) Miiller-Lyer figure with fins only; (c) Miiller-Lyer figure with fins of
unequal size going In the same directlon; (d) standard Poggendorff figure; although the
two dlagonal segments are co-linear, they appear to be displaced vertically; (e) Poggen-
dorff variation with only obtuse angles; and (f) Poggendorff varlation with only acute an-
gles. The Fourier magnitude spectra of the original lllusions In column 1 were filtered by a
two-dimenslonal directlonal filter based on blological data (shown In column 2), producing
the Image shown In column 3; column 4 shows the filtered Image created from just the low-
est flve spatlal frequencles; column 5 shows the effect of using the overall blological filter
before passing only the lowest five spatial frequencles. (From Ref. 2)
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Key Terms

Form perception; Miiller-Lyer illusion; Poggendorff illu-
sion; spatial filtering; visual illusion

General Description

Images that have been filtered to remove all high spatial
frequencies exhibit a number of interesting properties.
These include preservation and accentuation of certain
properties of the unfiltered image, such as Gestalt grouping
properties (CRefs. 6.301, 6.312). Other properties that are
merely illusory in the real image are revealed as actual

properties of the filtered image. Figure | shows variants of
two well-known geometrical illusions, the Miiller-Lyer illu-
sion and the Poggendorff illusion. Low-pass-filtered images
of these illusions show physical distortions that resemble
the perceptual distortions. This suggests that low spatial fre-
quencies may play a role in these illusions.

Constraints

¢ Conclusions regarding the contribution of low spatial fre-
quencies to visual illusions are based on limited

o Other explanations for these illusions have been sug-
gested, such as misapplied depth processing and contour
displacement (Ref. 6).

® Many different factors, including expericnce and age, af-

observations.

fect the perception of these illusions (Ref. 2).
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5.1 Size, Shape, and Distance
5.108 lllusions of Perceived Size and Distance
P\‘-‘Hﬂ“‘-‘-‘-‘
/”’4—"—.-'.-.‘-.‘
/
-

/ Figure 1. The corridor lllusion. The three cylinders are
equal in size on the surface of the page, but the leftmost
cyiinder appears to be the closest and smallest and the
rightmost cyiinder appears to be the most distant and
largest. (From Ref. 1)

Key Terms

Corridor illusion; distance perception; horizon; linear per-
spective; Ponzo illusion; range estimation; size constancy;
size perception; visual simulation

General Description

Linear perspective relations provide scales for judging the
size of objects in an observer’s visual field. One of the im-
portant scales is provided by the converging lines in a two-
dimensional projection that represent parallel lines in three-
dimensional space (CRef. 5.115). The degree of separation
between a pair of converging lines serves to establish a scale
factor for the size of any object placed within the conver-
gence. For example, if the same-sized object is viewed from
different distances on a runway, the size of the object rela-
tive to the convergence of the sides of the runway is con-
stant. Even though, in a linear projection, the linear extent
of the object is less at greater than at nearer distances, the
linear extent of separation is also less at greater than at
nearer distances.

The role of convergence in size perception is vividly il-
lustrated in the corridor illusion shown in Fig. 1. Three cyl-
inders are placed on a perspective drawing of a corridor,
and the “‘nearer’’ cylinder appears much smaller than the
““farther” cylinder. In fact, the three cylinders, as measured
on the surface of the page, are identical in size.

The same phenomenon is seen in the Ponzo illusion il-
lustrated in Fig. 2. The length of thc upper horizontal line

appears greater than the length of the lower horizontal line,
even though the two lines are identical in length on the
page.

Size is also indicated in linear perspective by relations
involving the horizon of a surface. Illusions of size will be
produced, however, if a visible terrestrial horizon is substi-
tuted for the actual horizon of a surface. As illustrated in
Fig. 3, aline of sight from an observer to a true distant hori-
zon runs parallel to the ground and therefore will transect an
object in the same proportion at any distance along the line
of sight. However, for most terrain, a line of sight to a ter-
restrial horizon does not lie parallel to the ground. This will
produce an overestimation of size using the horizon ratio re-
lation, with the overestimation increasing with increasing
distance from the observer. If v is the true height and v’ is
the height specified by using the terrestrial horizon in the
horizon-ratio relation, the ratio of v’ to v will obey thc
relation

viv = bli(b — d),

where b is the distance to the terrestrial horizon and d is the
distance to the object.

There is evidence that size perception is directly influ-
enced by changes in the height of a visible horizon.

Boff, K. R., & Lincoln, J. E. En: ineeringvData Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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Applications

In visual simulation, the apparent size and/or distance of
objects can be purposely or inadvertently modified through
manipulation of linear perspective cues and visible

horizons.

Key References

1. Gibson, J. J. (1950). The per-
ception of the visual world. New
York: Houghton Mifflin.

2. Sedgwick, H. A. (1973). The
visible horizon: A potential source
of visual information for the per-
ception of size and distance. Un-

published doctoral dissertation,
Cornell University.

3. Sedgwick, H. A. (1986). Space
perception. In K. R. Boff, L. Kauf-

man, & J. P. Thomas (Eds.),
Handbook of perception and
human performance: Vol. I. Sen-

sory processes and perception.
New York: Wiley.

Cross References

5.102 Perception of impact point
for simulated aircraft carrier
landings;

_

Figure2. The Ponzo lllu-
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5.104 Visual angle as a determiner
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5.105 Visual perspective and the
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and physical distance;
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True horizon
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Figure 3. Size distortion produced by using a terrestrial horizon. The iine of sight to a ter-
restrial horizon, unlike a iine of sight to a true horlzon, converges to the ground plane. Con-
sequently, using the terrestrial horizon In the horizon-ratio relation will produce an
overestimation of the size of an object, with the overestimation being greater the farther
the object Is from the observer. The amount of overestimation Is equal to the ratio of the
distance, b, from the observer to the terrestrial horizon over the distance, b - d, from the
object to the terrestrial horizon. (From Ref. 2)
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Figure 1. Error In judging length by finger-span as a func-
tion of the length of the judged object. (From Ref. 2)

Judgment of Length Using Finger Span

Key Terms

Size estimation; size perception

General Description

A target cylinder held between the thumb and forefinger
is judged to be longer than it actually is (overestimated)
for lengths >25-35 mm. The magnitude of this error
increases as the length of the target increases. For lengths
<25-35 mm, error is a constant value.

e Adjustable cylinder simulated by
two parallel 20-mm disks con-

Methods

spanned by thumb and forefinger

Experimental Procedure 1
by adjusting a similarly held, hid-

e Method of adjustment

Test Conditions

e Targets were standard 20-mm
diameter aluminum cylinders with
lengths varied across three experi-
ments: 25, 50, and 100 mm for
Exp. 1 previous lengths plus 35.4

and 70.8 mm for Exp. 2; 17.7, 25,

35.4, 50, and 70.8 mm for Exp. 3

nected via rack-and-pinion
mechanism

e Cylinder axes were horizontal
and in subject’s sagittal plane;
proximal faces of cylinders 10 cm
apart

o Cylinders hidden from view

¢ Independent variable: length of
standard cylinder

¢ Dependent variable: estimation
error (mm)

® Subject’s task: estimate the
length of a visually hidden cylinder

den, variable cylinder to a percep-
tually equal length

¢ 50 male undergraduates in

Exp. 1,50in Exp. 2, and 20 in
Exp. 3: 14 subjects in Exp. 3

had participated in either

Exp. 1or2

Experimental Results

e Target length, as judged by spanning a target form be-
tween thumb and forefinger, is generally overestimated for
lengths >25-35 mm. For shorter lengths, error is a constant

value.

e The magnitude of error increases as the length of the tar-

get increases.

Variability

Error is shown in Fig. 1. Analysis of variance was used.

Repeatability/Comparison with Other Studies
Length judgments using other scanning methods are re-

ported in Ref. 1.

Constraints

Performance in haptic (touch) perception of length varies

with the scanning method used.
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5.110 Haptic Perception of Length: Effect of Orientation

Key Terms

Haptic form perception; horizontal-vertical illusion; manual
scanning; touch

General Description

When either a three-dimensional L or a three-dimensional
inverted T is mounted in a horizontal plane and explored
using touch and hand movements, the component part that
evokes radial movement during exploration (movement
along any radius intersecting the subject’s body) is judged
longer than the part of equal or slightly longer length evok-
ing tangential movement (movement perpendicular to any
radius). This illusion, sometimes called the horizontal-ver-
tical illusion, is consistently larger for the inverted T than
for the L. Rotating the forms into various orientations
changes the radial and tangential components of movement
and therefore the magnitude of the illusion (Fig. 1).

When the same stimuli are mounted in a vertical plane
parallel to the front of the body, only the inverted T yields
the illusion. The larger effect for the inverted T in the hori-
zontal plane and the presence of an effect in the vertical
plane are attributed to the vision of one line by another in
the inverted T.

75 mm long; other link of each
figure varied in length from

40-100 mm in 2.5 mm steps

® Subject was instructed to explore
each target six times before report-
ing perception of the relative
lengths of the two arms comprising
each figure; exploration was re-
stricted to use of the middle finger
of the preferred hand

Methods

Test Conditions

e L orinverted T form made of
metal strips was mounted on a
wood turntable lying flat on a table
top in front of seated subject or
standing up. facing the subject;
board rotated from 0-90 deg: sub-
ject wore translucent goggles

o Stimulus (L or T) either lay flat
in horizontal plane or was stood up
in vertical plane facing or flush
with the subject

e Metal strips protruded 6mm
above the face of the wood
turntable

® Lower link of L and dissected
component of T were always

Experimental Procedure

® Method of limits (staircase
procedure)

® Independent variables: form (L
or inverted T), plane of rotation
(horizontal or vertical), orientation
(as measured by angular clockwisc

A = |nverted-T Vertical

Po) e orentation
o~—==0 = |nverted-T Horizontal
g = L orientation

lilusion Magnitude (percent)

-10 4

—-20 1

T T T T T

T T
0 15 30 45 60 75 90
Angular Clockwise Rotatlon (degrees)

Figure 1. Magnitude of horizontai-verticai iiiusion for hap-
tic forms as a function of the type and orientation of test
figure. iiiusion magnitude is measured as the percentage
difference in length between the standard segment of an
L-shaped or inverted-T test figure (base of L and cross-bar
of T) and the length of the other segment when the two
were judged equai in iength. (Positive values indicate that
the standard segment appeared longer.) (From Ref. 1)

rotation from median plane of
body)

® Dependent variable: illusion
magnitude, as measured by per-
centage difference in length of
component arms judged to be equal
in length

o Subject’s task: explore two arms

of L or inverted T shape and indi-
cate whether thc comparison arm
felt equal, longer, or shorter than
the standard arm

® 12 male and 12 fcmalc subjects
for the horizontal rotations; 4 male
and 4 female subjccts for the verti-
cal rotations

Experimental Results

¢ For honizontally aligned forms, the component arm of an
inverted T or an L form that evokes a greater component of
radial movement during exploration feels longer than the
component evoking tangential movement. Rotating an in-
verted T form into different orientations in the horizontal
plane alters the radial and tangential components of move-
ment, thereby changing the magnitude of the illusion.

e Atall orientations, illusion magnitude is greater for an in-
verted T than for an L form.
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e For vertically aligned forms, only the inverted T yields
the illusion.

Variability

An analysis of variance was used to assess the effect of the
independent variables and interactions.
Repeatability/Comparison with Other Studies

Similar results have been reported elsewhere (Ref. 2). With
visual rather than haptic exploration, both figures yield the
illusions in both planes.

Boff, K. R., & Lincoln, J. E. En ineeringvoata Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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5.111

Haptic Perception of Proportion

Key Terms

Haptic form perception; manual scanning; touch; visual
form perception

General Description

When subjects use touch to judge the proportion (width-to-
length ratio) of rectangles, they tend to adopt manual scan-
ning strategies that involve use of the hand or fingers to
directly measure the rectangles’ sides. Interfering with sub-
ject’s preferred method of exploration does not significantly
affect judgment of proportion. In all cases, haptic judgment
of proportion is considerably poorer than visual judgment,
and judgment of 1:1 proportion is superior to all other pro-
portions tested.

Applications

Designs or displays in which judgment of proportion in
form is a consideration.

Methods

or fingers as standard units of mea-
sure; ““measuring”’ condition re-

Test Conditions

e Stimuli were 4 mm-thick rec-
tangles secured to a mounting
board; four proportions of standard
rectangles varied from 1:1-1:4;
each standard rectangle was com-
pared with nine other rectangles of
different size and same or different
proportions

e Subjects used their preferred
hand to scan a standard rectangle
for 30 sec and to scan a comparison
rectangle for 30 sec, comparison
pairs presented in random order

¢ Subjects blindfolded during three
haptic scanning conditions: **no-
measuring’’ condition prohibited
any movements that used the hand

quired subjects to use the hand or
fingers as standard units of mea-
sure; “‘unrestricted” condition al-
lowed subjects to use any scanning
strategy they chose

¢ in the visual condition subjects
sat at a table on which the stimuli
were presented and viewed the
standard and comparison
successively

Experimental Procedure

¢ Independent variables: haptic or
visual presentation, scanning
method, proportions of standard
rectangle

¢ Dependent variable: percentage
correct same/different judgments

e = Visual

B = Measuring

A = No measurmg} Haptic
¢ = Unrestricted

90 7

80

70 1

Correct Judgments of Proportion (percent)

60 T T T
1:1 1:2 1453 1:4
Proportion of Width to Length in Standard

———————

Figure 1. Accuracy in judging the proportions of rec-
tangies by visuai or manuai (haptic) scanning. The percent-
age of triais on which the proportions (width-to-iength
ratio) of a test rectangie were correctiy judged to be the
same as or different from the proportions of a standard rec-
tangie of different size is shown as a function of the propor-
tions of the standard rectangie. (From Ref. 2)

o Subject’s task: explore a pair of
rectangles in accordance with the
scanning method instructions and
judge whether pair appeared to

have the samc or different propor-

tions (as defined by the rectangle’s
width-to-length ratio)

e Nine judgments per standard
proportion

¢ 75 undergraduates, 15 in each
haptic condition and 30 in the vi-
sual condition

Experimental Results

e There is no significant difference in the accuracy of hap-
tic judgment of proportion when subjects use the fingers or
hands as measurement units, when they are prohibited from

using the fingers or hands in this way, or when manual scan-

ning is unrestricted.

® When subjects are allowed to choose a haptic method of

scanning for proportion judgments, the majority of subjects
spontaneously adopt a scanning strategy that allows the use
of fingers or hands as standard units of measure to judge the
relative extent of the rectangle’s component sides.

® Visual judgment of proportion is significantly better than

haptic judgment, (p <0.01) regardless of the type of manual

scanning used.

e Discrimination accuracy for the 1:1 width-to-length pro-
portion ratio was significantly better than the other three

894

proportion ratios; this effect was significant for the visual
condition, the measuring condition, and the unrestricted
condition, but not for the no-measuring condition.

e Discrimination accuracy increases as the differcnce be-
tween standard and comparison proportions increases.

e Discrimination accuracy increases for all groups cxcept
the no-measuring condition as standard and comparison be-
come more similar in size.

Variability

Analysis of variance was used to assess the effect of inde-
pendent variables and interactions.
Repeatability/Comparison with Other Studies

The effects of other haptic scanning strategies on judgment
of proportions are reported in Ref. 1.

Boff, K. R., & Lincoln, J. E. En'g,i\neering Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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Figure 1. The flve mean multiplication functions (l.e., the
total distance to the further rod delimiting the ith Interval
for a glven first standard Interval on a six-Interval scale) as
a function of the length of the first interval. /Indicates the
Interval (e.g., the second) and n Indicates the number of
subjects for a particuiar function. (From Ref. 2)
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Figure2. The value of the exponent for the power function
relating percelved distance to actual distance (for the “av-
erage” observer and the two extreme observers) as a func-
tion of the ith Interval for the muitiplication functions in
Fig. 1. The mean value Is signlificantly less than 1.0.

(From Ref. 2)

Key Terms

Distance cues; distance perception; perceptual constancy;
range estimation; sighting accuracy; target acquisition;
training; visual simulation

General Description

Under natural, unrestricted viewing conditions, the percep-
tion of distance is reliably accurate or, at least, consistent.
The relation between perceived distance and physical dis-
tance, on the average, can be described by a power function
with a constant exponent approximately 1.0, but there are
significant differences across subjects and across studies.

Applications

Sighting aids can be designed to permit correction of char-
acteristic over- or underestimation for individual observers.
Adequate training can improve accuracy on relative (ratio)
distance comparisons by observers.
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Methods

Test Conditions

o Natural, unrestricted view of
rectangular laboratory table top
(horizontal plane) with maximum
range of 540 cm, 150 cm wide;
table top covered by grid with pat-

e Target markers were 1-cm rods,
varying randomly in length from
88-113 cm, placed laterally across
viewing surface

o Two to six marker rods; first rod
placed 25-175 cm from near table
edge by experimenter to establish
standard depth step; other rods suc-
cessively positioned at apparently

Experimental Procedure

o Method of limits, two-alternative
forced-choice procedure

¢ Independent variable: physical
distance of firsl marker rod from
table edge

e Dependent vaniable: distance at
which last (ith) rod in a series had

equal depth steps from near table
edge

e Observer’s task: instruct experi-
menter in adjusting successive
marker rods to lie at equal depth in-
tervals from the table edge by judg-
ing whether last interval was less
than or greater than previous
intervals

tern visible in near half, but not in

furtherhalt’ s olserver equal depth steps from first rod

1o be placed for all rods to appear at | Hlialand 9 imilcbiss

Experimental Results

e The data points for the five mean multiplication functions
shown in Fig. 1 are the total distances to the further rods de-
limiting the ith intervals (as set by the observer) for any
given standard (first) interval (e.g., i = 2 indicates the sec-
ond interval). All of the multiplication functions are linear.
® Median distance scales for the entire display plane can be
constructed from the multiplication functions because the
values of the exponent relating scale values (perceived dis-

tance) to actual distance are constant across the multiplica-
tion functions within subject (Fig. 2).

¢ There are large individual differences in thc values of the
exponents (Fig. 2).

¢ Consistency of observers’ errors suggests that individual
tendency toward over-constancy (overestimation of physi-
cal distances) or under-constancy (underestimation) may re-
sult from the effort to compensate for inner sense of error
tendency.

Variability

Power exponent characterizing accuracy varies substantially
among individual observers, ranging from .07-1.2 (Fig. 2;
see also Refs. 4, 10).

Repeatability/Comparison with Other Studies

Reference 6 found similar results using a fractionation task.

Constraints

o With indoor observation, the exponent characterizing ac-

¢ Mean errors are greater when distance judgments are
made in artificial units (metrical rod length) than whcn they

curacy is generally >1.0 (Ref. 9); with outdoor observa-
tion, the exponent is generally <1.0 (Ref. 10).

¢ Exponents for airborne observation vary with angle of
elevation. At vertical elevation, exponent is ~1.0; at low
flight level (~ horizontal), exponent is ~1.27 (Ref 4).

are made in natural units (arm length) (Ref. 8).

¢ Corrected practice, with numerous feedback trials, im-
proves performance in naturalistic settings (Ref. 5). Prac-
tice effects are limited to short term for relative judgments
with fractionation method (Ref. 11).
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5.1 Size, Shape, and Distance

5.113 Perception of the Objective Shape of Slanted Surfaces

Projection plane

(a)

>Ponm of

observation

Figure 1. iiiustration of the ambiguity in identifying a sur-
face from its projection. (a) Surfaces of the same shape and
orientation to the observer but of different sizes and piaced
at different distances aii produce the same projection.

(b) Surfaces of different shapes placed at a single distance
from the observer but varied in size and orientation pro-
duce identical projections. (From Handbook of perception
and human performance)

Figure 2. iiiustration of the importance of size in the geo-
metricai shape-siant reiation. (a) Nested famiiy of trape-
zoids having the same shape but different sizes. As
projections of rectangies, these trapezolds specify rec-
tangles at different slants. (b) Nested famliy of trapezoids
having different shapes and different sizes. As projections
of rectangles, these trapezoids specify a family having the
same siant with respect to the observer. Unless both shape
and size are specified, the siant of the object from which a
projection is derived can vary. (From Handbook of percep-
tion and human performance)

Key Terms

Linear perspective; recognition; shape constancy; shape/
slant relation; trapezoidal window illusion; visual
simulation

General Description

The shape of any plane surface that is not perpendicular to
the line of sight will be distorted, according to the rules of
projective geometry, relative to when it is displayed on a
plane perpendicular to the linc of sight. The projection of
any surface is not unique to that surface, however, and an
important question is how to recover the objective shape of
a surface from information in the projection.

For example, the same projection is produccd by any
one of an infinite family of surfaces having the same shape
and orientation with respect to the line of regard but varying
in size and distance (Fig. 1a). In addition, the same projec-
tion is produced by any one of an infinite family of surfaces

898

having the same distance from the observer but varying in
shape and orientation (Fig. 1b).

One way to recover shape from the information in a pro-
jection is to exploit the interdependencies among projective
shape, size of the projection, and slant of the surface from
which the projection is derived. Fixing any two of thcsc
terms uniquely specifies the third, an interdependency
known as the geometrical shape-siant relation. Figures 2a
illustrates the importance of specifying the size as well as
the shape from which a projection is derived. Vicwed as
projections of rectangles, the nested trapczoids all having
the same projective shape, define rectangles at different
slants because of their difference in size. Conversely, thc

Boff, K. R., & Lincoln, J. E. En ineen'ng’Data Compendium: Human
Perception and Performance. AAMRL, Wrighl-Patterson AFB, OH, 1988.
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size variation in the nested trapezotds (Fig. 2b) defines rec-
tangles at the same slant, despite their difference in projec-
tive shape.

The perceived shape of an object’s surface, seen under
normal viewing conditions, is not substantially altered by
the slant at which the surface ts viewed. This is an example
of shape constancy, which suggests that an observer inter-

prets a visual display as representing a specified object
oriented at a specified slant. This shape-slant linkage is
supported by a moderate correlation between perceived

slant and perceived shape.

That people interpret trapezoids as slanted rectangles
is dramatically shown by the trapezoidal window illusion,
in which a trapezoid that is physically rotating through
360 deg is perceived as a rectangle oscillating back and
forth through an angle of ~100 deg. Under appropri-
ate test conditions, human observers accurately match
trapezoidal shapes with the slant implied by interpreting
the trapezoids as rectangles, although there ts a small
constant error of underestimation.

Applications

Design of visual simulations. Also, shape constancy is the-
oretically important for the successful design of intelligent

artificial vision systems.

Methods

Test Conditions

Study 1 (Ref. 4)

¢ Rectangular white boxes

(125 x 125 X 250 mmor 125 X
125 x 500 mm) edged with 3-mm
black lines, or photographic slides
of the same boxes; each box

(Fig. 3a) supported a cross, with
one red arm and one green arm

¢ Boxes presented at slants of 40,
60, or 80 deg under uniform illumi-
nation against a black background
that eliminated shading and texture
cues

¢ Eleven vertical-to-horizontal
length ratios for arms of cross: 4:1,
391,235, 17521, 1. SE 0, 0. 281
Fs 110285011085, L1k 55012

¢ Binocular viewing; viewing dis-
tance 1.5 m; cross center 110 cm
above floor; 15 x 10-cm viewing
window

e Unlimited exposure time

Study 2 (Ref. 2)

¢ Shape response apparatus, slant
response apparatus, and standard
stimulus placed 30 deg apart along
a 105-cm radius within an enclosed
81.2 X 130.8 X 76.2-cm box

¢ Three trapezoidal standards,
designed to subtend equal visual
angles when slanted at 15, 45, or
65 deg from frontal plane; height
5 deg, top 8 deg, base 10 deg

e Luminance of standard varied
with slant: 15 deg stimulus —

41 cd/m2 (12 fL), 45 deg stim-
ulus 30 cd/'m? (8.5 fL), 60 deg
stimulus—22 cd/m2 (6.5 fL)

¢ Viewing distance 105 cm

e Unlimited exposure time; mon-
ocular or binocular viewing

Study 3 (Ref. 3)

* Two-channel viewing apparatus;
monocular view of nonreflected
field (Field 1), binocular view of
reflected field (Field 2)

¢ 20 trapezoidal stimuli, varying in
height/width ratio (9:15, 1:1, 15:9)
and implied slant (50, 60, 70, or
80 deg), viewed in Field |

¢ Adjustable response rod,
6.35.-mm diameter, indefinite
extent to observer, rotated in hori-
zontal plane at eye level about
vertical axis, viewed in Field 2

Experimental Procedure
Study 1

s Method of constant stimuli

® Independent variables: age, box
size, order of three- and two-di-
mensional views (between observ-
ers); box slant, cross-arm-length
ratio, three- and two-dimensional
views, color of cross arms (within
observers) .

e Dependent variable: frequency
of report that vertical cross arm was
longer

e Observer’s task: report which
cross arm appeared longer

® 16 psychology students; 16 five-
yr-old children

Study 2

* Method of adjustment

¢ Independent variables: slant of
standard, monocular or binocular
view, order of viewing

¢ Dependent variables: slant re-
sponse, height to base of shape, top
to base of shape

e Observer’s task: set both the slant
and the shape apparatus to match
the slant and shape of the standard
* 30 psychology students

(a)
.80
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T T —— .
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— . —Binacular viewing \
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— — —Equal picture C
plane ratios
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Box Angle from
Picture Plane (degrees)
(b)
Figure 3. (a)Crosses placed on the top surface of the rec-

tangular boxes have different projections as the boxes are
observed at angles of 40, 60, or 80 degrees from the picture
plane. (b) Observer’s judgments of the ratio of the lengths
of the two arms of the cross are close to 1.0 when the boxes
are viewed binocularly (Study 1). When observers viewed
photographic slides of the boxes, their judgments were In-
termediate between the objectively equal ratio and the pro-
jective (picture plane) ratlos. (From Ref. 4)

¢ Observer’s task: set the slant of
the response rod to match the slant

Study 3
¢ Independent variables: linear

perspective (implied slant), height/
width ratio, static versus rotating
stimuli, viewing eye, plane of ap-
parent slant

¢ Dependent variable: slant setting
of response rod

of a rectangle implied by a static
trapezoid or to match the apparent
plane of reversal of an oscillating
rectangle implied by a rotating
trapezoid

* 8 naive observers
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Experimental Results

Study 1

e Adults showed nearly vertical shape constancy under
three-dimensional viewing conditions; under two-dimen-
sional viewing, adult judgments deviated toward equal pic-
ture plane ratios (Fig. 3b), falling about midway between
objective and projective equality.

Study 2

e Under monocular viewing, judged slant was positively
correlated with judged shape, with correlations of 0.664
with top to base (1/b) and 0.616 with height to base (h/b).

Study 3

e Settings of perceived slant were closely tied to the slant
implied by rules of projective geometry.

e Perceived depth varied with implied linear perspective,
but not with angles of convergence of trapezoids.

e Perceived depth vaned inversely with height-width ratio.

Variability

In Study 1, analysis of variance was used to check signifi-
cance of results. In Study 2, judged slant with monocular
viewing showed considerable variability between subjects,
with ranges up to 64 deg in different groups; judged shape
also showed a few extreme deviations from group means. In
Study 3, one additional subject who was unable to see cer-
tain rotating trapezoids as oscillating was dropped from
study. Pooled estimate of standard error of the mean was be-
tween | and 2 deg.

Repeatability/Comparison with Other Studies

Results are generally in agreement with other research, al-
though present data are somewhat less ‘‘noisy.”” The accu-
racy of slant settings in Ref. 3 is higher than that found in
other studies, which probably reflects both the greater range
of implied slants used and the greater care taken to make the
dependent measure a compatible response in this study.

Constraints

¢ Accuracy of monocular shape perception of unfamiliar
slanted objects will generally be greater when objects are
presented in a naturalistic setting than when they are pre-
sented in isolation.

¢ Judgments under monocular viewing are strongly influ-
enced by instructions and subject’s attitude.

e Relative importance of linear perspective, as compared to
angle of convergence, may depend on retinal size of object.
e Accuracy of slant judgments can be strongly diminished
if observers attempt to attend to retinal projection, rather
than interpret stimuli as three-dimensional.

ceived slanl. Journal of Experi-
mental Psychology, 75, 345-353.

*3.Qlson, R. K. (1974). Slam
judgmenis from static and rotating
Irapezoids correspond 10 rules of
perspeclive geomelry. Perception
& Psychophysics, 15, 509-516.
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Mayfield, N. & Millar, D. (1976).
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5.1 Size, Shape, and Distance

5.114 Optical and Geographical Slant

Figure 1.

lllustration of the way optical slant changes as the line of sight is swept along a
plane surface. An observer at 0 scans a surface placed at an angle S from the ground; as
the line of sight moves along the surface, the optical slant shows continuous variation
from RO to R6. (From Ref. 4)

Key Terms

Geographical slant; optical slant; range estimation; shape
constancy; shape-slant relation; target acquisition

General Description

The geographical slant of a surface is defined as the slant of
the surface relative to some reference orientation. For ex-
ample, in a rectangular room, the geographical slant of a
wall is 90 deg, relative to the ground. Geographical slant for
plane surfaces, such as a wall, is constant for the entire ex-
tent of the surface.

The optical slant of a location on a surface is defined as
the slant of the surface at that location relative to the line of
sight. For an observer scanning a stationary plane surface
from a fixed vantage point, optical slant will vary continu-
ously along the surface. This point is illustrated in Fig. I,
which shows the changing angle between the line of sight
and a surface as the line of sight is swept along the surface.

There is a simple relationship between the optical slant
of a location on a surface and the geographical slant of the

surface for cases in which the observer can use a reference
orientation such as horizontal. The relation is

S=R-U,

where S is the angle between the surface and the reference
orientation, R is the optical slant of a location on the sur-
face, and U is the angle between that location and the refer-
ence orientation. This relation is illustrated in Fig. 2, which
shows that S is equal to the visual angle between the horizon
of the surface and the horizon of the reference orientation,
and R 1s equal to the angle between a line of sight to a loca-
tion on the surface and the horizon of the surface.

Note that this relation implies that the optical slant of a
location equals geographical slant only when that location
lies on the horizon of the reference plane (U =0°). If the
ground plane is the reference plane, this condition occurs
when the location is at eye level.

Applications

Field personnel may become better able to judge the optical
and geographical slants of surfaces if they are aware of the
distinction and are trained to use the relation between opti-
cal and geographical slant.
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5.0

Constraints

* Most experimental situations have confounded optical

and geographical slant, although this is not necessary. Thus,

little information is available comparing performance on

these two types of judgments.

Key References

1. Gibson, J., & Cornsweet, J.
(1952). The perceived slant of vi-
sual surfaces: Optical and geo-
graphical. Journal of Experimental
Psychology, 44, 11-15.
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lished doctoral dissertation, Cor-
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Cross References

5.113 Perception of the objective
shape of slanted surfaces;

5.115 Representation of slant by
linear perspective;

5.116 Texture gradients and per-
ceived slant

To horizon of slanted surface

» To honzon of
reference plane

Filgure 2. Relatlon between optical slant and geographical slant. An observer at 0 looks at
a surface placed with a geographical slant S on a reference plane. The optical slant of one
location on the surface is R, which is also the angle between the line of sight to the surface
and the horizon of the surface. The geographlical slant S Is therefore equal to the optical
slant R minus the angle U between the location on the surface and the horizon for the refer-
ence ground plane. (From Ref. 3)
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5.115 Representation of Slant by Linear Perspective

(a) (b) (c)

(e) N (@

Figure 1.

(d)

n

Linear perspective relations illustrated for an outline square as It Is slanted

away from the observer along a horizontal axis (top row, a to d) and along a vertical axis
(bottom row, e to h). (From Handbook of perception and human performance)

Key Terms

Convergence; depth perception; linear perspective; shape
constancy; texture gradient; vanishing point; visual
simulation

General Description

In the study of space perception, linear perspective refers to
the relations within the visual field that are associated with
the representation of three-dimensional space on a two-di-
mensional projection. Many of these relations are explicitly
identified in the complex set of rules developed by artists to
create representational drawings and paintings.

Convergence. One of the most important relations of
linear perspective is the convergence of parallel lines. With
the single exception of parallel lines in a plane perpendicu-
lar to the line of regard, the two-dimensional projection of
lines that are parallel in three dimensions (e. g., the sides of
a road or the edges of a slanted rectangle) will converge,
rather than appear parallel. Figure 1 illustrates this conver-
gence for the sides of a square as it is tilted away from an
observer along a horizontal axis (top row) or along a vertical
axis (bottom row). Increasing degrees of convergence are
associated with increasing amounts of slant, and human ob-
servers can judge fairly accurately the amount of slant im-
plied by the trapezoidal shapes in Fig. 1.

The relation between degree of convergence and amount
of slant s illustrated in Fig. 2 for sets of parallel lines which

eliminate other cues for depth present in rectangular out-
lines (angular change and compression, which are discussed
in the following scction). The set of lines on the left

(Fig. 2a) shows less convergence than the set of lines on

the right (Fig. 2b). Correspondingly, the implied slant is
less in the left lines than in the right lines.

Angular change and compression. The projections in
Fig. | contain two additional relations associated with depth
perception, namely angular configuration and compression
or foreshortening.

Angular configuration refers to the fact that right angles
on a surface slanted away from an observer are projected as
acute angles.

Compression or foreshortening refers to the fact that the
projection of a surface slanted away from an observer is
compressed in the direction of the slant. Figure 3 illustrates
the effect of compression alone (with convergence effects
removed) on the projection of a square slanted around a
horizontal axis (top row) and around a vertical axis (bottom
row). Figure 4 illustrates how compression applies to lines
lying parallel on a surface as the surface is tilted away from
an observer along a horizontal (top row) or vertical (bottom
row) axis.

Bolf, K. R., & Lincoln, J. E. Engineenng Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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Vanishing points and horizons. Linear perspective rela-
tions define an implieit structure of the visual field that is
useful for analyzing the information about space available
in the visual field. Two key eoncepts of this structure are
vanishing points and horizons, which speeify the orientation
of edges and surfaces, respectively. A vanishing point is the
point of eonvergenee for the projections of parallel lines.
That is, the vanishing point for the lines in Fig. 2 is the
point at which the lines, if extended indefinitely, would con-
verge. A horizon is the line defined by the vanishing points
of all the sets of parallel lines on a surface.

Vanishing points specify the orientation of edges, be-
cause all edges with the same orientation on a three-dimen-
sional surface have the same vanishing point.

Moreover, the specification of an edge’s orientation by

its vanishing point is simple: the ortentation of an edge is
equal to the orientation of the line of regard to the vanishing
point of the edge. The observers’ line of regard is a member
of the family of parallel lines that converge on the vanishing
point.

Horizons specify the orientations of surfaces because all
surfaces with the orientation in a three-dimensional space
have the same horizon. The speeification of a surfaee’s ori-
entation by its horizon is similar to that for edges: the orien-
tation of a surface is equal to the orientation of the plane
containing the line of regard of the observer and the horizon
of the surface. The plane containing the observer’s line of
regard is a member of the family of planes that sharc the
same horizon.

(a)

Figure 2. The projectionof
parallel lines on a planeis a
set of converging lines, with
the degree of convergence
directly related to the de-
gree of slant. The lines of
the left show less conver-
gence and therefore less
slant away from the ob-

b) server than the lines on the
right. (From Handbook of
perception and human
performance)

(a) (®) (c)

(e) 0] (@

(d)

Figure3. Compressionin
the projection of an outline
square as ItIs slanted away
from an observer along a
horizontal axis (top row, a to
d) and along a vertical axis
(bottom row, e to h). The
square is shown In parallel
projection (l.e., as seen
from a very great distance)
to eliminate the conver-

) gence produced by linear
perspection. (From Hand-
book of perception and
human performance)
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Applications

Two-dimensional representations such as in visual real-
world simulations of three-dimensional spaces must use
rules that embody the relations of linear perspective. Also,
it is possible that observers may use, or may be tratned to
use, these relations in judging the three-dimensional orien-

tations of surfaces and edges.

Key References

*1. Sedgwick, H. A. (1980). The
geometry of spatial layout in picto-
nal representations. In M. A.
Hagen (Ed.), The perception of
pictures (Vol. 1.). New York: Aca-
demic Press.

Cross References
5.105 Visual perspective and the

specification of shape and distance;

5.113 Perception of the objective
shape of slanted surfaces;

5.114 Optical and geographical
slant;

5.116 Texture gradients and per-
ceived slant;

5.901 Monocular distance cues;

Handbook of perception and
human performance, Ch. 21,
Sect. 3.2

(a)

(e)

(b) (c)

0]

(@

—

()

Q)

Figure4. Compression Is a set of evenly spaced parallel lines on a surface as the surface
Is slanted away from an observer along a horizontal axis (top row, a to d) and along a verti-
cal axis (bottom row, e to h). The lines are shown In parallel projection (as if seen froma
very great distance) to eliminate the convergence produced by linear perspective. (From
Handbook of perception and human performance)
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5.116 Texture Gradients and Perceived Slant

Key Terms

Depth perccption; linear perspective; monocular depth cucs;
range estimation; texture gradient; visual simulation

General Description

The two-dimensional projection of a homogeneously tex-
tured surface is a texture gradient, in which the projected
density and size of the texture elements of the surface
change in a continuous, graded manner. Elements in the
foreground will be relatively large and widely spaccd: clc-
ments in the background will be smaller and morc denscly
packed. Human observers perceive texture gradients as
being slantcd in dcpth (Fig. 1), although pcrecived slant
underestimates objcctive slant. Sizc and spacing of the tex-
ture elements is an important detcrminant of the anglc of
perceived slant. With a constant spacing of elcments, per-
ceived slant incrcases as element sizc increases up to the
point at which clements are ncarly touching; at this point
perceived slant dccreases (Fig. 2).

Applications

Visual simulations in which texturc gradients may bc used
alone to establish a two-dimcnsional representation of

depth.

Methods

Test Conditions
Study 1 (Ref. 2)

e Projeetion screen viewed
through eircular aperture of 24 deg;
slant board adjustable without vi-
sual guidance

e Slides of a regular and an irregu-
lar texture presented at angles of
10, 22, 30, or 45 deg away from
observer

e Monocular viewing

e Unlimited viewing timie

Study 2 (Ref. 1)

o Two surfaces, 80 cm from ob-
server, visible through eircular ap-
ertures; texture gradient of ellipses
visible through lefthand aperture;
10 x 10 cm chessboard pattern visi-
ble through righthand aperture

e Retinal area of target gradient
varied from 6.4-12.4 deg: area of
chessboard aperture fixed at

10.4 deg

o Element density varied from
6-34 mm; element size varied from
0.6-5.0 mm

908

¢ Target placed at inclination of
43 deg away from ohserver for data
trials: inclinations of 13, 23,33, or
53 deg included as fillers

® Monocular view of gradient and
binocular view of chessboard;
darkened room; unlimited viewing
¢ Slant of each surface independ-
ently adjusiable

Experimental Procedure
Study 1

e Method of adjustment for slant
board setting; within-suhject design
with alternation of regular and ir-
regular textures and upward or
downward direction of slant

¢ independent variables: regularity
of texture, angle of gradient, direc-
tion of slant

e Dependent variable: setting of
slant board

e Observer’s task: adjust slant
board to reproduce the slant per-
ceived 1n the texture gradient

e 10 observers

Study 2

¢ Method of adjustment for slant
setting; within-suhjects design; ran-
dom order of slants
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Figure 1. Mean slant judgments for texture densities as

a function of the actuai physicai siant of the surface for
regular (solid lines) and irregular (dashed iines) textures
(Study 1). Dotted line indicates accurate judgment of slant.
(a) a “ground” gradient, with foreground at the bottom of
the gradient; (b) a “sky” gradient, with foreground at top
of gradient. (From Ref. 2)

¢ Independent variables: retinal
area, texture element density, tex-
ture element size, target slant

¢ Dependent variable: slant setting
of chessboard to match a 43-deg
slant of texture gradient

e Observer’s task: adjust the slant
of the chessboard to match the ap-
parent slant of the texture gradient
e 8-12 psychology students in each
of three experiments

Boff, K. R.. & Lincoln, J. E. Engineering Data Compendium: Human
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Experimental Results

o Judged slant was less than actual slant, but regular texture
was judged closer to actual slant than was irregular texture
(Fig. 1).

e Perceived slant of texture gradient interacts with varia-
tions in retinal area, element size, and element density.

® Perceived slant increases with increasing element size
until elements are close together, than perceived slant de-
creased. (Fig. 2).

o Perceived slant increases with increasing retinal size for
spaced elements, but decreases for closely packed elements.

Variability

Study 1 found substantial individual differences in accuracy
of slant judgments. No information on variability was given
for Study 2.

Repeatability/Comparison with Other Studies

Other studies have reported that perceived slants are under-
estimates of true slants. The nonmonotonic functton relating
perceived slant to element size has been replicated tn

Ref. 3.

Constraints

® Relative importance of texture gradient elements under
monocular viewing of small fields may not apply to binocu-
lar viewing of large fields.

e It is difficult to separate texture-gradient cues from linear
perspective relations.

Spatial Awareness 5.0
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Figure2. Mean siant judgments as a function of texture
eiement size (Study 2). Texture gradient was at 43-deg siant
(foreground at bottom of gradient) and viewed through an
11.4-deg aperture, with 20-mm separation between

texture eiements. (From Ref. 1)
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5.2 Object Motion

5.201

Subject-Relative and Object-Relative Visual Motion

Key Terms

Cue confliet; eye movements; motion perception; simula-
tion; subject-relative motion; tracking; visual position
constancy

General Description

Two separate sources of information about the motion of
objeets are available to the observer: subject-relative motion
and object-relative motion. Subjeet-relative motion gives
the observer information about the absolute motion of the
object relative to the observer and is drawn from retinal-
image motion and from information about movement of the
observer’s own head and eyes. Object-relativc motion infor-
mation is available from the relative ehanges in the position
of retinal images of objeets. Alone, it reliably indieates that
one or more objeets are moving, but it does not speeify a
zero velocity point; thercfore the information is ambiguous
in the abscnce of subjeet-rclative information. Other rulcs
govern perceived motion in those situations (CRef. 5.301).
Observers are more sensitive to objeet-relative than to
subjeet-relative motion. The minimum angular veloeity at
which motion ean be detected is an order of magnitude
lower (1-2 min are of visual angle per second) when the tar-
get moves against a textured baekground than when it
moves against a featureless or dark baekground (10-20 min
arc/sec) (Ref. 3). The magnitude of differcnecs in sensitiv-
ity between motion on textured and featureless background
depends eritieally upon the eonditions under which the
threshold is measured (e.g., continuous to stop and go mo-
tion) and the type of threshold measured (e.g., minimum
extent or minimum veloeity) (CRefs. 5.203, 5.208, 5.209).
In general, differenees are minimized with short-duration,

high-velocity targets where detection of ehangc of position
may not be eritieal to threshold (Ref. 1).

When cues conflict, object-relative motion dominates
perception. The dominance of object-relative motion is
most elearly illustrated by the elassie demonstration of in-
dueed motion (Ref. 2; CRef. 5.301); for examplc, when a
surrounding frame is displaced relative to a smaller station-
ary figure enclosed within it, the smaller figure appears to
move. The configural interactions of object-relative motion
predominate over subjeect-relative eucs. It is interesting that,
while the percept is faulty, it does not give rise to faulty
tracking eye movements, even though the observer belicves
himself or herself to be tracking the target (Rcf. 4).

Position constancy is the perception that an object is not
moving even though the object moves with respeet to the
head or retina. It is fairly accurate during head movements
and saeeadie eye movements, and is frequently lost during
pursuit movements. During head rotation and saccadie eye
movements, stationary objeets appear stationary and targct
displacements greater than 10-20% of angular rotation arc
accurately noted (Ref. 5; CRef. 5.603). During pursuit eye
movements, stationary targets tend to appcar to displaec in
the same direction in whieh the eye is moving. Target dis-
placement detection shows similar bias. The degrce of loss
of position constancy can be eonsidcrable, but depends
upon a number of factors (CRef. 5.215).

zurte Bewegung. Psychologische
Forschung, 22, 180-259.

3. Graham, C. H. (1965). Percep-
tion of movement. InC. H. Gra-
ham (Ed.), Vision and visual
perception. New York: Wiley.
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5.2 Object Motion

5.202

Figure 1. Object movement can be perceived (a) when the
objectimage moves across the retina and the eyes are sta-
tionary (information from the image/retina system) or

(b) when the retinai image remains stationary and the eyes
move to follow the object (information from the eye/head
system). (From Ref. 2)

Image/Retina and Eye/Head Systems of Motion Perception

Signals from eye muscies Signal to eye muscles

\Bram
___..'cc:mparawr

Movement signals from retina
INFLOW THEORY
(@)

Signal to eye muscles

’\Bra.n

comparator

OUTFLOW THEORY
(b)

Figure 2. Two competing theories of eye/head system op-
eration. image/retina signais are interpreted by comparison
with either (a) afferent signals from eye muscies (inflow
theory) or (b) a coroiiary discharge of efferent signais that
control eye movements (outflow theory). (From Ref. 2)

Key Terms

Apparent movement; corollary discharge; eye movements;
eye-head system; image-retina system; inflow theory; mo-
tion perception; outflow theory; simulation

General Description

Two types of motion information, objcct-relative and sub-
ject-relative (CRef. 5.201), influence an observer’s percep-
tion of motion. Object-relative motion involves motion of
objects relative to each other (CRef. 5.301). Subject-rela-
tive motion involves the movement of objects relative to the
observer. Two systems are important in determining
whether subject-relative motion is perceivcd: the image/ret-
ina system that registers motion of an object’s image on the
retina and the eye/head system that registcrs self motion of
the observer’s head and eyes (Ref. 2). Generally the systems
work together to ensure veridical perception of object mo-
tion and stasis (CRef. 5.201).

Neither the eye/head nor image/retina system is neces-
sary or sufficient for motion perception. When a single lu-
minous object moves on a featureless or dark background,
the observer’s eyes may remain stationary, causing the
image of the object to move across the retina. Alternatively,
the eyes may track the object, leaving the image stationary
on the retina; then only motion information from the eye/

914

head system is available to the observer (Fig. 1). Ineach
case the percept is the same. If the luminous object is sta-
tionary and the eyes can be induced to track across it, both
retinal/image and eye/head movement are produccd; how-
ever, their signs cancel each other and the object appears
stationary. Image/retina and eye/head movcment signals
are compared in computing the final object motion

vector (Ref. 2).

Generally, information about movement in the eye/head
system comes from eye movements; head movements arc
usually compensated for by the vestibulo-ocular reflex (but
see CRef. 5.201).

There are two potential sources of information about eye
movements. Inflow theory proposes that eye-position sig-
nals from kinesthetic receptors in the eye muscles are fed to
a brain comparator. Alternatively, outflow theory proposes
that the centrally originating signals that command cyc
movements send a corollary discharge to the brain compara-
tor. The available evidence supports outflow theory. First,
illusionary motion of stationary objccts occurs when eyes

Boff, K. R., & Lincoln, J. E. En ineerinevData Compendium: Human
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are passively moved (pushed with fingers) so that only kin-
esthetic information is available about their motion (Ref. 2).
Second, a retinally stabilized afterimage moves during eye
movements in a dark room, but appears stationary if the eye
is passively moved (Refs. 2, 3, 4).

Finally, it is possible to produce a corollary discharge
signal without resultant eye movement and kinesthetic in-
formation (e.g., by paralyzing the eye muscles with curare).
When this is done, the world appears to lurch when eye
movements are attempted, presumably because corollary
discharge signals are not compensated by cancelling
image-retina signals (Ref. 3).

These systems are involved in perceived (a) strobo-
scopic motion (CRef. 4.401) with saccadic eye movements
for which motion is only seen when information from both
systems indicates a change of spatial position (Ref. 4); (b)
motion during pursuit or tracking eye movements in which
motion is only seen when two different retinal points are
stimulated and is not seen when there is only eye/head mo-
tion (Ref. 5); (¢) motion aftereffects (CRef. 5.212) which
are seen when the eyes are stationary and only retinal image
motion occurs. These aftereffects are not seen when track-
ing eye movements eliminate retinal image motion (Ref. 1).

Constraints

e Head movements that are independent of eye movements
have not received much attention (CRef. 5.210).

e The comparator is error-prone; it can make small errors
for stimulus velocity and direction of motion (CRef. 5.201).

*2. Gregory, R. L. (1966). Eye and
brain. New York: McGraw-Hill.

3. Mack, A., & Bachant, J.
(1969). Perceived movement of the
afterimage during eye movements.
Perception & Psychophysics, 6,
379-384.

Key References

1. Anstis, S. M., & Gregory,R. L.
(1964). The aftereffect of seen mo-
tion; the role of retinal stimulation
and of eye movements. Quarterly
Journal of Experimental Psychol-
ogy, 17,173-174.

4. Rock, I., & Ebenholtz, S.
(1962). Stroboscopic movement
based on change of phenomenal
rather than retinal location. Ameri-
can Journal of Psychology, 75,
193-207.

5. Stoper, A. (1973). Apparent
motion of stimuli presented stro-
boscopically during pursuit eye
movements. Perception & Psvcho-
physics, 13,310-311.

5.301 Induced motion: determi-
nants of object-relative motion;

Cross References

5.201 Subject-relative and object-
relative visual motion;

5.212 Motion aftereffects;

5.401 Types of visual apparent
motion
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5.2 Object Motion

5.203 Factors Affecting Threshold for Visual Motion

Factor

Effect on Motion Perception

Sources

Target velocity

Threshold decreases significantly between 82 and 164 min arc/sec
(0<0.05) and 41 and 164 min arc/sec (p<0.02)

The least angular-velocity difference discriminable between two ob-
jects is ~1-2 min arc of visual angle

The percent change in velocity for discrimination of a difference is at
a minimum for rates of 1-2 deg/sec, and increases with higher target
velocities

Threshold for detection of motion cessation decreases inversely with
target velocity (without referents) at target velocities <1 deg/sec

CRef. 5.209

Ref. 1

Ref. 7

Duration of target exposure

There is a differential effect depending on presence or absence of
referents. Threshold for motion detection is reduced as duration in-
creases over arange of 0.12-16.0 sec

CRef. 5.209; 5.207

A reduction of threshold with increased duration is rapid for shortex-  Ref. 4
posure times (0.5-4.0 sec), and asymptotes at ~16 sec (9 min arc/
sec angular velocity)
Threshold decreases as target exposure time increases overarange  CRef. 5.208
of 40-1480 msec

Extent of target movement Target paths of equal length yield accurate velocity matches CRef. 5.210
Extent-of-motion thresholds vary inversely with velocity when there Ref. 8
is no frame of reference
An increased target motion extent requires higher luminances to dis-  Ref. 3
criminate movement (up to critical target durations)
For given extents, there is a velocity limit beyond which movement
cannot be discriminated
Threshold increases as distance traveled by a target increases over
arange of 1.68-52.4 min arc

Reference stimuli Threshold for object-relative (with referents) motion is lower than Ref. 8
threshold for subject-relative (no referents) motion
There is no effect of referents at target exposure times of 180 msec CRef. 5.208
orless
There is no consistent effect of referents at 0.25-sec target exposure  CRef. 5.209
Threshold decreases with stationary references at target velocities
of 41, 82, and 164 min arc/sec at 16-sec exposure

Size of motion field Target velocity must increase proportionately as field size increases CRef. 5.210
to be perceived as same velocity
Threshold ranges from 0.11-0.30 cm/sec (2-6 min arc/sec), depend- Ref. 2
ing on field dimensions

Luminance level Higher luminance levels become less effective as target exposure CRef. 5.207
times increase over range of 0.12-16.0 sec
Threshold decreases with increased luminance when comparing CRef. 5.209
0.051 cd/m? and 1,592 cd/m?

Retinal location of target Threshold increases as target moves from center to periphery of Ref. 1
retina

Target fixation or pursuit Estimated target velocity is significantly greater with a fixation point CRef.5.217

Estimated target velocity is reduced if visual pursuit is allowed
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Key Terms

Motion perception; simulation; target acquisition; target
displacement; tracking; velocity perception; visual referents

General Description

The threshold for visual movement perception is influenced
by many factors (e.g., target velocity and distance, refer-
ence frames, visual fixation or pursuit). Motion thresholds
are usually determined by asking observers to state direction
of movement, to compare the velocity of a target stimulus to

a standard stimulus, or to detect movement of a single tar-
get. The least discriminable difference in angular velocity
of two targets is ~1-2 min arc/sec. The table lists factors
known to influence movement perception, the direction and
magnitude of the effect, and sources of more information.

Constraints

® These data must be interpreted carefully prior to applying
them, as they were obtained under a wide variety of highly
specific experimental conditions.

for the visual discrimination of
movement. Journal of Compara-
tive and Physiological Psychology,
50, 109-114.

4. Brown, R., & Conklin, J.
(1954). The lower threshold of vis-
ible movement as a function of ex-
posure time. The American Journal
of Psychology, 67, 104-110.

Key References

1. Bartlett, N., Brown, J., Hsia,
Y., & Mueller, C. (1965). InC.
Graham (Ed.), Vision and visual
perception. New York: Wiley.

2. Brown, J. (1931). The thresh-
olds for visual movement. Psychol-
ogische Forschung, 14, 249-268.
3. Brown, R. (1957). The effect of
extent on the intensity-time relation

5. Mack, A., & Herman, E.
(1973). Position constancy during
pursuit eye movement: An investi-
gation of the Filehne illusion.
Quarterly Journal of Experimental
Psychology, 25,71-84.

6. Mack, A., & Herman, E.
(1978). The loss of position con-
stancy during pursuit eye move-
ments. Vision Research, 18, 55-62.

7. Miller, J., & Ludvigh, E.
(1961). The perception of move-
ment persistence in the Ganzfeld.
Journal of the Optical Society of
America, 51, 57-60.

8. Shaffer, O., & Wallach, H.
(1966). Extent of motion thresh-
olds under subject-relative and ob-
ject-relative conditions. Perception
& Psychophysics, 1,447-451.

5.208 Displacement thresholds for
visual motion: effect of target
duration;

5.209 Visual motion detection
thresholds: effects of stationary
referents;

Cross References

5.207 Perceived visual motion: ef-
fect of illumination and target ex-
posure duration;

5.210 Visually perceived relative
velocity: effects of context and ex-
tent of motion;

5.217 Perceived motion with track-
ing eye movements
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Figure 1. Frequency of rotation match as a function of
spatial frequency for foveal vision (lower curve) and at an
11-deg distance from fixation (upper curve). Dashed line in-
dicates the physical velocity of the stimulus. (From Ref. 4)

Perceived Target Velocity in the Visual Periphery

Frequency of Rotation Match
(revolutions/minute)

Movement Threshold
(revolutions/minute)
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——

Distance from Fixation (degrees)

15 20 25

Figure 2. Frequency of rotation matches and movement
thresholds for rotation at varlous distances from fixation
(the arrows indicate the appropriate scales). Dashed line
indicates difference between the two curves. (From Ref. 4)

Key Terms

Motion perception; peripheral vision; retinal location; rotary
motion; simulation; target acquisition

General Description

The velocity of a moving targct appears slower in the retinal
periphery than in the fovea, probably because the threshold
for the perception of movement is greater in the periphery
than in the fovea.

Applications

Displays and operating situations in which thc visual pcr-
ception of velocities over a range of distances from fixation
is important.

Methods

Test Conditions

¢ High-contrast, square-wave, ref-
erence grating with a spatial fre-
quency of 1 cycle/deg of visual
angle

e High-contrast, square-wave, tar-
get grating of variable spatial fre-
quency (from 1-32 cycles/deg in
one-octave steps)

¢ Gratings subtended 5 deg in di-
ameter

¢ Both gratings mounted on turn-
tables and rotated about their cen-
ters; frequency of rotation of
reference grating set at one revolu-
tion per minute: frequency of rota-
tion of target grating adjustable by
potentiomctcr

e Ambient illumination at

17 cd/m?

918

Experimental Procedure

¢ Method of adjustment

¢ Independent variables: spatial
frequency of target grating, targct's
distance from fixation, in degrees
of visual angle

¢ Dependent variables: frequency
of rotation match, defined as fre-
quency of target grating rotation
required to make the apparent
velocities of the reference and tar-

get gratings equal: threshold for
perception of rotation

o Observer’s task: adjust rotation
speed of target grating so that the
apparent velocities of the reference
and target gratings were equal; ro-
tation threshold for gratings deter-
mined by setting speed of target
grating until rotation was just
detectable

® 2 obscrvers, with extensive
practice

Boff, K. R., & Lincoln, J. E. Engineering Data Compendium: Human
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Experimental Results

¢ For foveal stimuli, as the spatial frequency of the target
grating increases, the matching frequency of rotation of
the I cycle/deg reference grating increases to a peak at
~2-4 cycles/deg of visual angle, and then rapidly declines
(lower curve, Fig. 1). At 16 and 32 cycles/deg, observers
report that the grating appears stationary most of the time.
¢ For peripheral stimuli at an | I-deg distance from fixa-
tion, the frequency of rotation match increases to a peak at
spatial frequencies of 2 cycles/deg, and then declines rap-
idly (upper curve, Fig. 1). Overall, this function is elevated
above the function for foveal vision, indicating that a higher
frequency of rotation in the periphery is needed to match
apparent stimulus velocity in the fovea for two identical
gratings. This implies that peripheral stimuli are perceived
as rotating more slowly than foveal stimuli of the same spa-
tial frequency.

® When both reference and target gratings are set at a spa-
tial frequency of 1 cycle/deg, and the reference grating is
rotating at 1 revolution/min, the frequency of rotation of the
target grating needed to match the apparent velocity of the
reference grating increases as the target grating’s distance
from fixation increases (upper curve, Fig. 2). Again, this

implies that the peripheral grating is perceived as rotating
more slowly than the reference grating.

e The threshold for movement of a grating increases as the
grating’s eccentricity increases (lower curve, Fig. 2). The
apparent frequency of rotation is essentially constant with
distance from fixation when rotation threshold is subtracted
from frequency of rotation match (dashed line, Fig. 2). This
implies that the increase in rotation threshold in the periph-
ery is responsible for decrease in apparent velocity of per-
ipheral stimuli.

Variability
Error bars present plus or minus one standard error.

Repeatability/Comparison with Other Studies

The results described here are less subject to problems of
interpretation due to tracking eye-movements than earlier
work employing linear motion (Ref. 4) because a rotating
stimulus was used. The effects of slowing and stopping of
perceived motion in the periphery, *‘time stopped-motion’’
illusion, have been reported earlier and appear to be very
robust (Ref. 2). The increase in threshold for motion in the
periphery has also been reported in earlier work (Ref. 1).

Constraints

¢ The results reported here apply only to slow and very
slow motion. At high velocities, the reverse of the effects is
reported (Ref. 4).

Key References

1. Aubert, H. (1886), Die Bewe-
gungsempfindungen. Pfluger’s Ar-
chiv fiir Die Gesamte Physiologie
Des Menschen und Der Tiere, 39,
347-370.

2. Brown, J. F. (1931). The thresh-
olds for visual movement. Psychol-
ogische Forschung, 14,249-268.
3. Campbell, F. W., & Maffei, L.
(1979). Stopped visual motion. Na-
ture, 278, 192-193.

*4. Campbell, F. W., & Maffei, L.
(1981). The influence of spatial fre-
quency and contrast on the percep-
tion of moving patterns. Vision
Research, 21, 713-721.

5. Dierncr, H. C., Wist, E. R.,
Dichgans, J., & Brandt, T. H.
(1976). The spatial frequency cf-
fect on perceived velocity. Vision
Research, 16, 169-176.

Cross References

1.307 Absolute sensitivity to light:
effect of target area and visual field
location;

1.636 Contrast sensitivity: effect of
visual field location for circular tar-
gets of varying size;

1.954 Disjunctive eye movements

in response to peripheral image
disparity;

5.203 Factors affecting threshold
for visual motion;

5.205 Perception of motion in the
visual periphery;

5.920 Stereoacuity: effect of target
location in the visual ficld
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5.2 Object Motion

5.205 Perception of Motion in the Visual Periphery

Key Terms

Motion detection; motion perception; peripheral vision; ret-
inal location; target acquisition; tracking

General Description

Sensitivity to movement of a target decreases monotonically
as the target moves farther and farther into the periphery.
Despite this differential sensitivity to movement as a func-
tion of retinal location, movement in the periphcry is more
salient than movement in the center. It is easier to sce a
moving point in the periphery than it is to scc a stationary
line. If an observer fixates a point straight ahead and tries to
view a stationary line off to one side, the line may disap-
pear. This phenomenon is particularly strong at low levels
of illumination, but occurs at high levels as well. When an
image is stabilized it will disappear in the fovea as it docs in
the periphery when it is not stabilized. When the image is
not stabilized, however, it appears in the periphery even
though the eye wanders slightly during voluntary fixation.
Small eye movements are less effective in refreshing infor-
mation transmitted by the peripheral receptors. Since foveal
regions are more sensitive to movement, howevcr, stabili-
zation of the image is required to produce the same disap-
pearance. It follows that, with fixed gaze, objects are not
visible in the periphery, though if the objects or eye should
move, they become visible. This is not true of foveal im-
ages. Therefore, eye movements do not make foveal images
more visible than they normally are and movement is not
more salient in the fovea than it is in the periphery.

waveforms of 25-msec time
constant

¢ RC-filtered step deflection pre-
sented on a second CRT (viewed
foveally) that allowed adjustments
of amplitude and time constant to
produce a perceptual match with
the first waveform

¢ Displays viewed in room with
normal lighting (i.¢., at photopie
viewing levels) for some experi-

Methods

Test Conditions

e Ramp waveform presented on a
CRT display (Fig. 1a) with instan-
taneous (i.e., on the order of a few
microseconds) deflections of spot
or line through 1 or 2 deg of visual
angle

¢ Slow retums to vertical coordi-
nate via alternate exponential-spike

(@

(b)

Figure 1. (a) Waveform of deflection of extrafoveally
viewed spot (experimenter controlled) and (b) waveform
yielded by perceptually matching deflection of foveally
viewed spot to that of extrafoveally viewed spot (observer
controlled). For perceptual match, y = x and time constants
are equal. (From Ref. 2)

mental conditions and in dim light-
ing conditions for others

¢ Dependent variable: difference
between adjustment of amplitude
and time constant of waveform on
one CRT to waveform on other
CRT

e Observer's task: adjust amplitude
and time constant of the second
waveform to produce a perceptual
match to the first

e Number of observers, trials, and
degree of practice not specified

Experimental Procedure

e Precise method not specifically
stated. probably method of
adjustment

¢ Independent vanables: retinal
eccentricity of stimulus presenta-
tion, defined as foveal or 3-4 deg of
visual angle extrafoveally

Experimental Results

¢ Displacement of spot was much larger than the static acu-
ity threshold for 3-4 deg eccentricity.

¢ For foveal vision, waveform motion is accurately per-
ceived. For extrafoveal vision, adjustment of the second
waveform is such that rapid components of the first wave-
form appear not to have been perceived; that is, adjustment
of the second waveform produces a configuration such as
the onc shown in Fig. 1b.

e If both CRT displays are viewed extrafoveally, their per-
ceived motions still appear to match. This result also im-
plies that only slow motions are transmitted to the motion
detection system for peripheral stimuli.

e When the CRT displays are viewed under dimly lit condi-
tions (i.e., scotopic viewing levels), the perceptual match
between foveal and extrafoveal stimuli is destroyed. This

920

implies that mainly the cone system is responsiblc for com-
puting peripheral displacement on the basis of motion
signals.

Variability
No information on variability was given.
Repeatability/Comparison with Other Studies

The study described reports that rapid displacemcnts were
not perceived. even though the spatial separation bctween
points was above the static acuity threshold. This effect is
complementary to another peripheral vision phenomenon in
which two spots, flashed 50 msec apart, induce a sensation
of movemcnt, even if their spatial separation is below the
static acuity threshold (Refs. I, 3). These effects considered
together imply that the systems for signaling motion and
change of location are distinct.

Boff, K. R., & Lincoln, J. E. Engineering Data Compendium: Human
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Constraints

e The effect reported here is produced only at photopic

light levels.

Key References

1. Biederman-Thorson, M., Thor-
son, J., & Lange, G. D. (1971).
Apparent movement due to closely
spaced sequentially flashed dots in
the human peripheral field of vi-
sion. Vision Research, 11,
889-903.

*2. Mackay, D. M. (1980). 1llu-
sory reversal of extrafoveally per-
ceived displacement. Nature, 284,
2511,

3. Thorson, J., Lange,G. D., &
Biederman-Thorson, M. (1969).
Objective measure of the dynamics
of a visual movement illusion. Sci-
ence, 164, 1087-1088.

Cross References
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effect of target area and visual field
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1.636 Contrast sensitivity: effect of
visual field location for circular tar-
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in response to peripheral image
disparity;

5.203 Factors affecting threshold
for visual motion;

5.204 Perceived target velocity in
the visual periphery;

5.920 Stereoacuity: effect of target
location in the visual field
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5.2 Object Motion

5.206 Sensitivity to Direction of Motion in the Visual Periphery

Key Terms

Dynamic visual acuity; motion deteetion; peripheral track-
ing; peripheral vision; peripheral warning signals; target ac-

quisition; warnings

General Description

In the visual periphery, observers are approximately twice
as sensitive to horizontal-axis movement as to vertical-axis
movement. Absolute threshold for movement detection in
the periphery is a nearly linear decreasing function of dis-
tance outward from a central eye fixation point. Figure |
shows movement detection isograms for a eireular pointer

display.

Methods

Test Conditions

e Flal black aircrafl-type instru-
ment with white pointer 0.25 cm
wide and 2.87 cm long located at
random positions on interior flat
black surface of a 203-cm diameter
hemisphere; poinler luminance
6.4 cd/m?; background luminance
not specified, bul al a pholopic
level; 1.2-cm cross at cenler of
background used as fixation
point; viewing distance 95 cm

¢ Two poinler displays used, one
for clockwise and counterclock-
wise pointer movement, one for
vertical and horizontal pointer
movemenl; vertical/horizonlal

pointer movements limited to
3.5cm

® 48 pointer positions in peripheral
field lested

e Rate of pointer movement was
systematically increased and de-
creased on alternate trials

e Condition presenlalion order
randomly construcled

Experimental Procedure

e Method of limils

¢ Independent variables: rolary
versus linear poinler movement,
horizontal versus vertical pointer
movemenl, location of poinler in
peripheral visual ficld

270

180

—

Figure 1. Absolute threshoid isograms for detecting ro-
tary movement in the periphery of the visuai fieid. Numbers
are rates of pointer movement in revoiutions per minute.
(From Ret. 4)

e Observer's task: fixate on cross at
center of background; state 1f
pointer is moving

¢ 10 airline pilots; ages 30-45

e Dependent variable: rate of de-
tectable pointer movement com-
puted from average of three
increasing and three decreasing
rates

Experimental Results

e Clockwise and eounterclockwise movement deteetion
thresholds are not significantly different.

o Generally, vertical and horizontal deteetion thresholds
are quite similar. Horizontal movement thresholds are

slightly lower than vertical movement threshold in the area
adjacent to the horizontal axis.

o All absolute movement threshold isograms are elliptical.
Absolute thresholds for motion detection at a particular
pointer movement rate extend approximately twice as far on
the horizontal axis as on the vertical axis.

e For both rotary and linear pointer movement, absolute

threshold increases as a linear function of the distancc of the
pointer from the eenter fixation point.

® Rotary and linear motion could not be compared
quantitatively.

Variability

Judgments of absolute thrcshold werc more variable for lin-
ear than for rotary motion.

Repeatability/Comparison with Other Studies

The elliptical shape of the absolute motion detection thresh-
old isograms conforms closely to the patterns and extent of
the color visual field.

Constraints

e Only asingle, moving form was used in the study. Other
research (Ref. 2) indicates that different forms will yield
different motion thresholds.

o Different results may be obtained for stimuli of different
color or luminanee levels.
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5.2 Object Motion

5.207 Perceived Visual Motion: Effect of lllumination and

Target Exposure Duration
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Figure 1. Threshold velocity for movement discrimination
as a functlon of luminance; duration of exposure is the
curve parameter. Plotted as the log of the mean of three ob-
servers. (From Ref. 5)
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Figure 2. Threshold velocity for movement discrimination
as a function of duration of exposure; target luminance is
the curve parameter. (From Ref. 5)

Key Terms

Motion detection; motion sensitivity; simulation; training;
velocity

General Description

Movement detection improves as target cxposure time and
illumination increase. The improvement in movement dc-
tection resulting from increased illumination is greater with
shorter than with longer cxposures. In general, incrcasing
the target exposure time facilitates motion dctection more
than raising illumination does.

Applications

Discrimination of movement on visual displays; the design
of visual displays to optimizc conditions for movemcnt dc-
tection; the selection and training of display operators in
movement dctcction; the design of rcticules and artificial
field structure to aid pilots in visual search at high altitude.
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o Targets viewed monocularly in
dark room through black tube pre-
senting visual field of 3.2 deg

o Eight target luminance levels
ranging from 0.016-1591.5 cd/m?
(0.005-50 mL); luminance in-
creased over blocks of trials

¢ Five exposure times ranging
from 0.125-16 sec

o Observers were dark-adapted for
10 min prior to each experiment

Methods

Test Conditions

® White rectangular targets sub-
tending 15 min arc of visual angle;
viewing distance 2.3 m (90.6 in.)
e Targets presented by means of
belt apparatus and moved horizon-
tally either left or right; adjacent
targets separated by 45 min arc

ing target velocity with luminance
and exposure time held constant
until motion perceived twice in
succession

e Observer's task: report when and
in what direction target movement
was seen

¢ 3 paid male undergraduate stu-
dents with normal vision and some
practice

Experimental Procedure

¢ Ascending method of limits for
velocity, used to reduce incidence
of illusory motion

o Independent variables: target ve-
locity, luminance level, target ex-
posure time, direction of
movement (right or left)

o Dependent variable: movement
threshold, determined by increas-

Experimental Results

® The discrimination of motion improves as luminance
level is increased. This improvement is more marked for
shorter than for longer target exposure times (Fig. 1). To
test the significance of these tendencies, the data were ana-
lyzed by the orthogonal polynomial technique. The results
indicate for the orthogonal luminance values of 0.05, 0.5,
5, 50, and 500 mL that the 0.125 and 0.25 durations are fit-
ted by both linear ( p <0.001) and quadratic ( p <0.05 and
p <0.01, respectively) components, and the 2-sec duration
by a linear component ( p <0.01); no components are signi-
ficant for the 1- and 16-sec data.

® Motion discrimination improves as exposure time is in-
creased from 0.125 to 16 sec (Figs. 1, 2).

® Exposure time is a more important variable than lumi-
nance (Ref. 5).

obtained 6 months later under the same experimental
conditions.

Repeatability/Comparison with Other Studies

The results of this study are supported by other investiga-
tors. In Ref. 2, the 4 observers were required to judge the
direction of movement of a green spot of light (brightness
level of 0.067 cd/m?) on a dark screen. Targets were viewed
monocularly at a distance of 183 cm. Target velocities
ranged from 1.61-27.37 min arc/sec with a range of expo-
sure times of 0.51-16.00 sec. Analysis of variance showed a
significant decrease in threshold as exposure time increased
( p <0.01) with improvement leveling off at ~8 sec. The
same general trend of improved movement detection with
longer exposure times and higher luminances has been
found by several other investigators. However, Refs. 3 and
4 reported that target luminance does not affect thresholds at
moderate-to-high luminance levels for most combinations

Variability

No specific information on observer variability was given.
Individual performance initially was highly variable, but
stabilized with practice. Data reported are similar to those

of stimulus variables. Instead, exposure duration and
amount of displacement are the determining factors, and
there is a tradeoff between the two factors.

Constraints

® The effect of increasing luminance is confounded with

the effect of practice.

¢ Field of view is very limited and thus it may be difficult
to extrapolate data to real world situations.

® A number of factors, such as target size, target location in
field of view, and amount of practice, affect the perception
of motion and should be considered in applying these data
under different viewing conditions (CRef. 5.203).

Key References

1. Brown, R. H. (1955). Velocity
discrimination and the intensity-
time relation. Journal of the Opti-
cal Society of America, 45,
189-192.

2. Brown, R. H., & Conklin, J. E.
(1954). The lower threshold of vis-
ible movement as a function of ex-
posure-time. American Journal of
Psychology, 67, 104-110.

3. Henderson, D. C. (1971). The
relationships among time, distance,
and intensity as determinants of

motion discrimination. Perception
& Psychophysics, 10, 313-320.

4. Henderson, D. C. (1973). Vi-
sual discrimination of motion:
Stimulus relationships at threshold
and the question of luminance-time
reciprocity. Perception & Psycho-
physics, 1, 121-130.

*S. Leibowitz, H. W., &

Lomont, J. F. (1954). The effect of
luminance and exposure time

upon perception of motion
(WADC-TR-54-78). Wright-
Patterson Air Force Base, OH:
Wright Air Development Center.
(DTIC No. AD035163)

Cross References

5.203 Factors affecting threshold
for visual motion

925



5.2 Object Motion

5.208 Displacement Thresholds for Visual Motion:
Effect of Target Duration

Key Terms

Frame of reference; motion detection; simulation; target

displacement; visual referents

General Description

When observers view linear motion in a frontal plane, the
extent of motion (i.e., displacement) necessary for detec-
tion of motion is a U-shaped function of exposure duration.
This relationship holds whether the motion is discrete (tar-
get is presented in two different spatial positions with a tem-
poral interval between presentations), stop-go-stop (target is
viewed in a stationary position prior to and following the
motion interval), or continuous (constant motion during
viewing period) with or without the presence of stationary

reference objects.

Applications

Design and evaluation of visual displays; selection and
training of display operators; improvement in operation per-
formance by manipulating viewing conditions.

Methods

Test Conditions

¢ Luminous 2.4-min-arc spot pre-
senled using an oscilloscope cov-
ered wilh dark gray neutral filter;
12 x 12 cm oscilloscope screen lo-
caled 75 cm from observer within
truncated cone

e Ambient light of | lux at observ-
er's eye; slalionary largel lumi-
nance 3. t8 cd/m? (1 mL)

e Target viewed monocularly
using head and chin rests

e Range of exposure times
40-1480 msec

¢ No fixation point, flashing lights
al screen corners 0.5 sec prior to
target presentation

¢ Siationary targel duralion:

10 msec for stop-go-stop discrete

modes of presenlalion; all motion
left to right; largel molion slarted al
center of screen

e Reference lines each side of
motion track were 1.5 x 20 mm
phosphorescent paper strips wilh
0.3-mm vertical black lines,

0.3 mm apart

¢ Three lo four thresholds each
session with ascending series of ve-
locities; different exposure limes
for each threshold: mode of target
presentation same within each
session

Experimental Procedure

¢ Independent variables: exposure
lime; target velocity; presence or
absence of reference lines; mode of
presentation: conlinuous (largel
comes inlo view and leaves while
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a = Stop—go-—stop
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Figure 1.

T T T T T T e
40 60 100 180 360 680 1480

Exposure Time (mllliseconds)

Extent-of-motion (displacement) threshoids for

one observer as a function of exposure time for four modes
of presentation. The dotted lines indicate data that are iu-
minance-biased because of the time (300 msec) necessary
for the CRT stimulus to reach maximum luminance. (From

Ref. 1)

moving), with or without slationary
reference objecls, and stop-go-stop
(target is presented in 1wo different
spalial positions with a temporal in-
terval between presentations)

¢ Dependent variables: displace-
ment at threshold, calculated as the

product of threshold velocily and
exposure duration T (mcthod of
threshold determination not stated)
e Observer’s task: report when mo-
tion was perceived

e | observer

Experimental Results

e Extent-of-movement thresholds decrease for all modes
of presentation as exposure times increase from 40 to
100-180 msec; thresholds for all modes increase for

180-1480 msec (Fig. 1).

e The presence of stationary reference lines has a greater
influence on perception of continuous motion at longer ex-

posure times (Fig. 1).
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Variability

No information on variability was given.

Repeatability/Comparison with Other Studies

The data were analyzed with data of other investigators
within the context of a motion detection model and found to

be generally consistent.

Boff, K. R., & Lincoln, J. E. Engineerin‘qNDara Compendium: Human

Perception and Performance. AAMRL,

right-Patterson AFB, OH, 1988.
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Constraints

¢ Experimental data are based on only 1 observer (author).
e Factors such as target size and location, amount of prac-
tice, visible referents, and luminance affect movement per-

ception and must be considered when applying these data

(CRef. 5.209).

¢ Field of view was very limited and therefore results may
be difficult to extrapolate to real-world situations.

Key References

*1. Bonnel, C. (1975). A tentative
model for visual motion detection.
Psychologia, 18, 35-50.

2. Brown, R. H., & Conklin, J. E.
(1954). The lower threshold of vis-

ible movement as a function of ex-
posure-time. American Journal of
Psychology, 57, 104-110.

3. Henderson, D. C. (1971). The

relationships among lime, distance,

and intensity as determinants of

motion discrimination. Perception
& Psychophysics, 10, 313-320.

4. Leibowilz, H. W. (1955). Effect
of reference lines on the discrimi-
nation of movement. Journal of the
Optical Society of America, 45,
829-830.

5. Shaffer, O., & Wallach, H.
(1966). Extent-of-motion thresh-
olds under subject-relative and ob-
ject-relative conditions. Perception
& Psychophysics, 1, 447-451.

Cross References

5.201 Subjeci-relative and object-
relative visual motion;

5.209 Visual motion detection

thresholds: effects of stationary
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5.2 Object Motion

5.209 Visual Motion Detection Thresholds:
Effects of Stationary Referents

Key Terms

Motion detection; relative motion; target acquisition; target
displacemcnt; velocity perception; visual search

General Description

Under certain conditions, the ability to detect target motion
is increased when refcrence stimuli are provided. The de-
tection of target motion also is enhanced with increases in
target speed, luminance, and duration of exposure. Care
must be taken to avoid the perccption of illusory movement
of targets at low vclocities in the abscnce of a visible framc

of reference.

Applications

Design and evaluation of visual displays; training of radar
and related display operators; design of reticules and artifi-
cial field structure to aid pilots in visual search at high

altitude.

Methods

Test Conditions
Study 1 (Ref. 2)

* Observers dark-adapted to lower
luminance

e Square, white targets suhtending
15 min arc of visual angle at view-
ing dislance of 230 cm

¢ Targets on black background
with space between targets sub-
tending 45 min arc

® Monocular viewing through
black tube that limited ficld to

3.2 deg of visual angle

* While vertical grid lines (when
used) spaced 30 min arc apart

¢ Exposure 1imes 0.25 or 16.0 scc
* Luminance levels 0.051 cd/m?
(0.016 mL) or 1,592 ¢d/m?

(500 mL)

Study 2 (Ref. 4)

e Observer-relative motion (move-
ment of entire visual field with re-
spect to observer; CRef. 5.201): for
half 1the observers al each velocity,
target was luminous outline square
(264 min arc) surrounding a lumi-
nous disk (102 min arc); for other
half of observers. the square alone
was the target

® Ohject-relative motion (a pallern
change hrought about by move-
ment of parts of visual field; CRef.
5.201): moving target was same
square used for observer-relative
condition; square surrounded a
184-min disk seen through mirror;
disk was never displaced

* Monocular viewing into a mov-
ahle, half-silvered mirror; displace-
ments caused hy movement of
mirror

® Target displacement speed of
41, 82, or 164 min/sec

* No fixation required: ohserver
told that disk or square might move
lefi or right, in opposite directions.
or whole pattern left or right

® Extent of target movement: oh-
ject-relative, low and med speed
group: 0.0, .3, .8, 1.3, 1.8,2.3,
2.8 min visual angle; obscrver-rela-
tive, low and med speed group:
0.0, .8, 1.8.2.8,3.8,4.8, 5.8 min
visual angle; object-relative, high
speed group: 0.0, .3, .55, 8. 1.3,
1.8, 2.3 min visual angle: ob-
server-relative, high speed group:
0.0..8,1.3.1.8,2.8,3.8.4.8min
visual angle

- 17 s

] I

g 104 % .25 sec

g [ 0.05

] 9| cdim?

o

‘.' I

g 8 .25 sec

° [ 1592

o 7 cd/im?

L 3

g ® = Without grid

E 6 + = With grid

2 s

8

° 4 16 sec

> 0.05

D /m?

2 3 cd/m

. ) 16 sec

(] £ 1592

b

£ | cd/m?

- 1+ - ; = T . . 5 e ]
0 1 2 3 4 5) 6 7 8 9

Session Number

Figure 1. Changes in threshold velocity for detection

of movement as a function of practice (session number)
(Study 1). Curved parameters are duration of exposure, lu-
minance, and the presence or absence of reference grid
lines. (From Ref. 2)

* Within-subjects design

e Independent variables: motion or
no motion, extenl of target motion,
direction of motion, target velocity,
presence or ahsence of reference
square

¢ Dependent variables: percentage
of target motions detected irrespec-
tive of direction; percentage of
correct-direction minus incorrect-
direction motion judgments: extent
threshold, defined as extent at
which correct-direction minus in-
correct-direction motion judgments
equalled 50%

® Ohserver’s task: judge the pres-
ence or ahsence of motion and
direction of movement: report
whether disk or square appeared to
move in ohject-relative siluation

® 30 undergraduate observers,
with some practice

Experimental Procedure

Study 1

® Method of limils; iwo-alternative
forced-choice procedure; target
speeds increased from subliminal
value to speed at which motion cor-
reclly perceived twice in succes-
sion; ascending trials only

¢ Independent variables: exposure
time, luminance level, presence or
absence of reference grid lines

¢ Dependent variables: threshold
velocity (mean velocity of four
1rials for longer exposure and six
trials at shorter exposure)

e Observer's task: judge whether
motion was toward right or lefi

* 8inexperienced, paid observers

Study 2

® Method of constant stimuli; two-
alternative forced-choice procedure

Experimental Results

e The threshold for motion detection decreases with in-
creases in either extent of motion or luminance. The pres-
ence of stationary referents (the grid lines) lowers consistent
motion threshold for the 16-sec exposure by 48%. but has
no effect for the 0.25-scc exposure (Fig. 1).

e For observer-relative motion, performance is better (ex-
tent thresholds are lower) for high-specd targets (1.4-min
arc threshold) than for low-specd targets (4.4-min arc

threshold).
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® There is no effect of speed for object-relative motion
(1-min arc threshold).

e At all speeds, performance is better (cxtent thresholds are
low) for object-relative motion than for obscrver-rclative
motion, and the difference in performance increases with
increasing speed of target motion.

e Thresholds for observer-relative and object-relative mo-
tion are correlated for both high- (p = 0.68, p <0.05) and

Boff, K. R., & Lincoln, J. E. Engineering Data Compendium: Human
Perception and Performance. AAMRL, Wrighl-Pallerson AFB,OH, 1988.
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medium-speed (p= 0.81, p <0.05) target motion. A 0.51
correlation for low-speed motion is not significant.

® Observers reported illusionary motion (false alarms) on
approximately one-fourth of the trials for most groups and
conditions.

Variability

No specific information on observer variability was given
for Study 1. The analysis-of-variance technique was the
same orthogonal polynomial method used in an earlier study
(CRef. 5.207). For Study 2, the between-group variability

was examined using the Kruskal-Wallis analysis of variance
and the Mann-Whitney U test.

Repeatability/Comparison with Other Studies

Although the theoretical basis of movement pereeption for
exposure times <0.1 sec is disputed, the rcsults and gencral
trends described in Studies 1 and 2 arc supported by othcr
investigations (Refs. 1, 3; CRef. 5.207). The bencficial cf-
fect of a reference framework cited in Study 1 is not sup-
ported when the movement is coincidental with the line of
sight instcad of perpendicular as in Studies | and 2 (Rcf. 1).
This discrepancy may be due to the shorter exposure times
in the Ref. | study. As with othcr studies, illusory move-
ment (autokinetic illusion) was thought not to affcct the cx-
perimental results.

Constraints

e Auditory cue (click) caused by movement of mirror.

® Very limited field of view, and thus may be difficult to
extrapolate data to real-world situations.

¢ Instructions to observers and feedback are very critical

and can influence results, especially where external refcr-
ences are absent.

e Factors such as target size and location, amount of prac-
tice, and visible referents affect movement perception

and must be considered when applying these data

(CRef. 5.207).

Key References

1. Harvey, L. O., & Michon, J. A.
(1974). Detectability of relativce
motion as a function of exposure
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mental Psychology, 103, 317-325.
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5.2 Object Motion

5.210 Visually Perceived Relative Veloc1ty Effects of Context

and Extent of Motion

Figure 1.
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(a)-(c) Mean differences between comparison (adjusted by observer) and stan-

dard velocities as a function of the ratio of the angular extent covered by standard and
comparison targets; Panels (a) (b) and (c) show three ditferent ratios of distances to stan-
dard and comparison displays. (d) Data shown In (a)-(c) collapsed across different target

velocltles within each distance ratio. (From Ref. 3)

Key Terms

Field of view; motion constancy; motion perception; simu-
lation; target acquisition; velocity transposition; visual
context

General Description

Perceived velocity is dependent upon the angular extent and
the nature of the visual field traversed. As the size of the
field increases, the velocity of a moving object must in-
crease proportionately if the object is to be perceived as

moving at an equal rate. Perceived velocity is also influ-
enced by the linear distance from observer to the target, and
by the presence and/or dimensions of surrounding reference
frames.

Applications

Design and layout of visual displays; field judgments of ob-
ject velocity, such as in use of binoculars where there is no
compensation for velocity magnification; tasks where an
observer is required to detect small differences in target
velocity.
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Methods

Test Conditions

¢ Two displays, viewed in total
darkness and separated laterally by
90 deg, for each experiment; one
was standard display and one was
controlled by observer; displays
could not be seen simultaneously
® A circular target light, 0.85 cm
in diameter, optically rear-pro-
jected on each screen from Tektro-
nix 604 monitor; target always
started from left side and moved
back and forth at a constant veloc-

ity over entire path until observer
stated a velocity match was ob-
tained with comparison target

¢ Luminous horizontal rec-
tangular masks 12.5 X 4.2 cmor
37.5 X 12.5 cm used as refer-
ence frames for neither, only

one, or both displays

® Viewing distance | m for
Exps. land 3; 1 and2 m

for Exp. 2

¢ Target traversed horizontal path
of 7.13, 14.04, 20.56, or 26.56
deg of visual angle when viewed at
I m

¢ Standard target velocity of

5, 10, or 15 cm/sec

® No fixation points; binocular
viewing; 2.5-sec delay between
trials; no target exposure time limit

¢ Dependent vanable: accuracy of
velocity match

¢ Observer’s task: to match veloc-
ity of comparison display light to
standard display light

® Observer instructed to use phe-
nomenal velocity matches and not
use counting or timing; observer
told standard velocity would be
constant during each trial but
would vary between trials; observer
terminated trial when velocity
match made

® 24 different undergraduate stu-
dents used for each experiment,
with some practice

Experimental Procedure

® Method of adjustment; random-
ized presentation blocked by
condition

¢ [ndependent variables: target
path length, viewing distance,
presence or absence of reference
frames, target velocity

Experimental Results

e Target paths of equal length yield accurate velocity
matches, but paths of unequal lengths yield large mis-

matches ( p <0.001). This is true whether targets are mov-
ing in complete darkness or are surrounded by same-size
luminous frames.

e When frames are present, their effect on compartson ve-
locity is a function of their relative size.

® Increasing the comparison path length by a factor of 3 in-
creases the mean perceived velocity by ~33.8% when com-
pared with the equal-path-length condition.

¢ For unframed displays (no framed displays were used),
perceived relative velocity is influenced by angular velocity
per unit of relative angular extent, rather than by relative
linear or perceived extent.

e Asshown in Fig. 1, relative angular extent, relative
viewing distance to the displays, and velocity of the stan-
dard target all independently contribute to the values of the
comparison velocity settings.

® Increasing the ratio of angular extents (e.g, by decreasing
the comparison path length) yields a decrease in comparison
velocity.

¢ Increasing the ratio of viewing distances (e.g., by de-
creasing the dtstance to the compartson display) yields a de-
crease in compartson velocity.

Variability
No information on variability was gtven.

Repeatability/Comparison with Other Studies

The results of Exp. 3 are constant with those of Ref. 1 re-
garding the effects of framework on velocity transposition.
Results are also consistent with those of Ref. 4 and with the
conclusion that perceived constancy of velocity can be
understood within the context of the velocity transposition
principle (Ref. 5). Addttional supportive data are provided
by Ref. 2.

Constraints

® A number of factors, such as target velocity and exposure
time, visible frames of reference, viewing distance, illumi-
nation levels, and instructions to observers, must be con-

sidered when applying these data.

® Perceived velocity ts inversely proportional to angular
size of frame—only when frame ts relatively isolated in
field of view.

Key References

1. Brown, J. (1931). The visual
perception of velocity. Psycholo-
gische Forschung, 14, 199-232.
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stancy of visual speed. Psychologi-
cal Review, 46, 541-552.

locity: A revision of the hypothesis
of relational determination. Per-
ception, 9, 47-60.

4.Rock, 1., Hill, A. L., & Fine-
man, M. (1968). Speed constancy

Cross References
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5.2 Object Motion

5.211

Frequency Characteristics of Real and Induced Visual Motion

Key Terms

Apparent movement; indueed motion; motion perception;
oseillatory motion; simulation

General Description

Indueed motion is the perceived motion of objects that are
not actually moving, when other (usually surrounding) ob-
jeets are physically moving instead (the surrounding mov-
ing objects are the uppermost and lowermost horizontal
lines, a and d of Fig. 1a). The uppermost line moves up-
ward while the lowermost line moves downward. Since
they are moving in opposite directions, the two lines are de-
seribed as exhibiting counterphase motion. This counter-
phase motion can induce an opposed counterphase motion
of the inner lines b and ¢ of Fig. 1a. Thesc lines (b and ¢),
are actually stationary. The threshold for perceiving motion

by these stationary lines (induced motion) is two to three
times higher than the threshold for real motion. The thresh-
old for seeing real motion of the outer horizontal lines is be-
tween 25 and 50 sec arc of visual angle per sec. The induced
motion eannot be seen when the up-down oscillation fre-
queney of the outer horizontal lines exceeds frequencies of
2-5 Hz. At lower frequencies of oscillation, both real and
induced motion require a minimal retinal veloeity to be per-
ceived. This is reflected in the fact that both types of motion
share a common slope of — I when threshold amplitude is
plotted against oscillation frequency. The real motion
threshold will depend upon whether other objects or forms
in question are near the moving object (Ref. 2).

Applications

Displays requiring the detection of motion, especially dis-
plays containing both stationary and moving elements, in
whieh the moving elements eould potentially induce motion
in the stationary elements.

Methods

Test Conditions

¢ CRT display of four horizontal,
parallel hines (Fig. la)

e Lines subtending 10 deg of vi-
sual angle, spaced | deg apart

e Outer lines 1.5 deg from foveal
center

e Linc luminance 0.5 cd/m?

e Two outer lines driven in simple
harmonic counlerphase motion by
sinusoidal generator

¢ Amplitude of oscillation adjusted
by ohserver

e Viewing distance 57 cm: ob-
server fixated center of display

¢ For induced motion, movement
sensation used for threshold crite-
rion was a faint ““breathing " of the
two inner lines for 3 observers:
fourth ohserver (observer 3 in fig-
ure) employed the criterion of the
entire four-line display as a com-
pressing and expanding ohject, so
that each inner line appeared 10
move in phase with the farther

Experimental Procedure

® Method of adjusiment

¢ Independent variable: oscillation
frequency of outer lines (sec ob-
server task)

® Dependent variable: peak-lo-
peak threshold amplitude of ouler
lines. defined as the amplilude nec-
essary 1o produce either the percep-
tion of real motion in the outer lines
or induced motion in the inner lines
(sce observer task)

e Ohserver's task: for real molion

of outer lines, adjust amplitude of
moving outer lines so that molion
of these lines was jusl deleclahle:
for lower limit of induced motion
adjust amplitude of moving outer
lines so that apparent motion in sta-
tionary inner lines was just detecta-
ble: for upper limit of induced
molion adjust oscillation frequency
of moving outer lines so that appar-
ent motion in stationary inner lines
decreased to the point of no appar-
ent molion

e 4 observers, with unknown

® Oscillation frequency of outer

lines 0.:2-20oycles e sec outer line, rather than counterphase

with the nearer ouler line

amount of practice

Experimental Results

¢ Minimum threshold for real motion is an oseillation fre-
queney of ~2 Hz. Beyond 20 Hz there is a lack of sensitiv-
ity for rcal motion (moving lines blur).

e Between (1.2 and 1.0 Hz, on a log-log plot, there is a
slope of — 1 between threshold amplitude and oscillation
frequency. This suggests that threshold is determined solely
in terms of the velocity of the stimulus within the low-
frequency range, regardless of frequency or amplitude.

e Minimum lower threshold for induced motion is an oscil-
lation frequency between | and 2 Hz, depending on ob-
server; minimum upper threshold is between 2 and S Hz,
again depending on observer.

e Stated in terms of velocity, the mintmum velocity for real
motion is between 25 and 50 sec arc of visual angle per sec.
The lower angular velocity threshold for indueed motion is
between 60 and 120 see arc per sec, and the upper threshold
1s between 10 and 50 min arc per see. Furthermore, the
common slope on log-log paper of — | betwcen amplitude
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and frequency for both rcal and induced motion suggests
that they share some underlying property. The higher slope
for high-frequeney indueed motion suggests that it does not
depend upon the same stimulus property as real motion.

¢ InFig. 1, the dashed areas represent conditions under
which real motion is perceived. The whitc areas labeled
“Induetion’’ represent those conditions under which in-
duced motion can be produced.

Variability

Preeise range of error bars was not given, but probably rep-
resented plus or minus one standard deviation. Orientation
of error bars is different for upper and lower limits of in-
duced motion, because oscillation frequency was the de-

pendent variable for the upper limit, but amplitude was the
dependent variable for the lower limit.

Repeatability/Comparison with Other Studies

The finding of a slope of — 2 on a log-log plot between am-
plitude and frequency for upper limit induced-motion deter-

Boff, K. R., & Lincoln, J. E. Engineering Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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mination is similar to amplitude/frequency limitations for
the phi phenomenon, suggesting that they are functions

of the same movement detection system in the brain

(CRef. 5.401). The lower frequency limitations on induced
versus real motion are consistent with earlier qualitative
observations (Ref. 1). The looped curve obtained for
induced motion is similar to the functions found for other

phenomena with upper and lower limits (Ref. 5). The range
obtained for minimum velocity for real motion is compar-
able to that obtained earlier (Ref. 2). The fact that thresh-
olds for induced motion have been reported as lower

(Ref. 1) or more variable (Ref. 3) in other studies is
probably due to differences in stimulus configurations.

Constraints

o Precise threshold values are likely to vary depending
upon observer strategies.

e Thresholds for real movement depend upon proximity to
other stationary objects or visual referents. Threshold is
high when moving object is in an empty field and low when
it is close to other objects (Ref 2).

Key References

1. Duncker, K. (1938). Induced
motion. In W. H. Ellis (Ed. and

Trans.), Source book of Gestalt
psychology (pp. 161-172). London:
Routledge & Kegan Paul. (Original
work published 1929).

2. Leibowitz, H. (1955). Effect of
reference lines on the discrimina-
tion of movement. Journal of the
Optical Society of America, 45,
829-830.

3. Mach, A., Fisher, C. B., & Fen-
drich, R. (1975). A reexamination
of two-point induced movement.
Perception & Psychophysics, 17,
273-276.

*4. Nakayama, K., & Tyler, C. W.
(1978). Relative motion induced
between stationary lines. Vision
Research, 18, 1663-1668.

S. Tyler, C. W. (1975). Spatial or-
ganization of binocular disparity.
Vision Research, 15, 843.
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5.2 Object Motion

5.212 Motion Aftereffects

Inspeclion Test
Field Field Aftereffect
(a)
Velocity
Aftereffect -
slower o
Perception
unaffected

(b)

EEE

Negative

Motion

Aftereffect stationary -—

© Threshold

Direction-

o elevated

Specific

Adaptation o o
Threshold
unaffected

-
Figure 1. Three motion aftereffects described in the text.

Arrows indicate the direction of movement. The dotted test
field gratings in (c) indicate low-contrast gratings.
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Figure 2. Threshold elevations and aftereffect durations
for low-contrast moving bars presented as stabllized retl-
nal images. (a)-(c) percentage threshold elevation calcu-
iated as 100 x [(mean nonreverse — mean reverse/mean
reverse)] luminance settings for each of 3 observers as a
function of angular velocity. (d)-(f) Aftereffect durationas a
function of angular velocity for the same 3 observers.
(From Ref. 4)

Key Terms

Apparent movement; motion aftcreffccts; motion percep-
tion; simulation

General Description

Motion aftereffects (MAE) refer to apparent changes scen in
the motion of a stimulus (test field) aftcr an observer has in-
spected a field of steadily moving contours (inspection
field). Three perceptual effects can occur. (1) After pro-
longed inspection the velocity of the inspection field itsclf
appears to slow down. In addition, the apparent velocity of
a test field moving in the same dircction as the inspection
field will decrease, whereas the apparent velocity of a test
field moving in a direction opposite that of the inspection
field will be unaffected (Fig. la). These effects are three as-
pects of the velocity aftereffect (Ref. 4). (2) If thc test field
is stationary, it will appear to move in a direction opposite
that of the inspection field (Fig. 1b). This is called the nega-
tive motion aftereffect (Ref. 5). (3) The threshold for mo-
tion perception in a low-contrast test field moving in the
same direction as the inspection field will be elevated.
However, the threshold for a test ficld moving in the
opposite direction from the inspection field is unaffectcd
(Figs. lc, 2). This is called direction-specific adaptation
(DSA) (Ref. 2).
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Velocity effects are examincd by mcans of a matching
proccdure. After adaptation, obscrvers view the test field
and matching field next to each other and are required to set
the velocity for the matching field until the motion seen
there appears equal in velocity to that seen in the test field.
Direction-specific adaptation is investigated by having ob-
servers first adapt to an inspection field and then set the lu-
minance of a test field until its contours are just dctectable.
Luminance thresholds are measured for test fields moving in
both the same and in oppositc directions as the inspcction
field. The results for a direction-specific adaptation study
are depicted in Fig. 2.

These aftereffects presumably result from adaptation of
motion analyzers tuncd to differcnt directions of motion.
The rate of activity of the analyzcrs decrcascs when they are
exposed to prolonged motion; the time to rccover to base-
line ratcs of activity is reflected in the duration of the after-
cffect (Ref. 3).

The following factors have becn shown to affect motion
aftereffects: target contrast, lack of surround, ambicnt illu-
mination, and viewing timc. These effects are summarized
in Table 1.

Boff, K. R., & Lincoin, J. E. Engineering Data Compendium. Human
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Applications

Operational situations and displays involving viewing of

targets moving at constant velocities over prolonged periods

of time such as viewing the road from a moving vehicle.
This will result in MAE when gaze is directed toward sta-
tionary positions inside vehicle. After high-speed driving, a
slower speed seems too slow.

Constraints

® Precise determination of aftereffect duration is difficult
because it involves seeing motion or change in motion even
though objects or pattern elements do not change position.
Neural explanations interpret the decaying aftereffect as
being masked by a background of neural noise, and there-
fore its perceived duration will be sensitive to noise level
and observer strategies.

® Magnitude of velocity aftereffects can be determined by
adjusting the direction and speed of the test pattern until the
MAE appears stationary. However, because the aftereffect
involves only apparent motion, landmarks used in the test
pattern will continue to appear to move (Ref. 4). Further-
more, concentration on the nulling motion can result in
adaptation to that motion and can influence the aftereffect
(Ref. 1).

3. Keck, M. J., Palella, T.D., &
Pantle, A. J. (1976). Motion after-
effect as a function of the contrast
of sinusoidal gratings. Vision Re-
search, 16, 187-191.

*4. Sekuler,R., & Ganz, L.
(1963). Aftereffect of seen motion

with a stabilized retinal image. Sci-
ence, 139, 419-420.

Key References

1. Day, R. H., & Strelow, E. S.
(1974). Reduction or disappear-
ance of visual aftereffect of move-
ment in the absence of patterned
surround. Nature, 230, 55-56.

2. Johansson, G. (1950). Configu-
rations in event perception.
Uppsala: Almquist & Wiksell.

5. Sekuler, R., & Pantle, A.
(1967). A model for the aftereffects
of seen movement. Vision Re-
search, 7, 427-439.

6. Spigel, 1. (1965). Readings in
the perception of movement. New
York: Harper & Row.

*7. Thompson, P. G. (1981). Ve-
locity after-effects: The effects of

adaptation to moving stimuli on the
perception of subsequently seen
moving stimuli. Vision Research,
21, 337-345.

8. Wohlgemuth, A. (1911). On the
aftereffect of seen movement. Brit-
ish Journal of Psychology Mono-
graphs, [, 1-117.

Cross References

5.203 Factors affecting threshold
for visual motion;

5.207 Perceived visual motion: ef-
fect of illumination and target ex-
posure duration

Tabie 1. Factors affecting motion aftereffects.
Factor Effect Sources
Contrast Increases in inspection field grating contrast up to ~.3% result in rapid Ref. 3
increases in the magnitude of the motion aftereffect (MAE); higher contrast
increments up to 10.5% produce much smaller MAE increases. Increasing
contrast of the test grating decreases MAE
Surround Absence of a patterned surround results in reduction or elimination of MAE Ref. 1
Viewing time As viewing time increases, velocity of inspection field decreases; thus MAE Ref. 7

is operating on inspection field itself, which will in turn affect test field velocity
R ITETSCE RS S e 1 T T S O TR ST N TG 1 N P O ey v o Y S S FETA A Bl B e
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5.2 Object Motion

5.213 Judgment of Impending Collision Between Targets

in the Display Field

Key Terms

Air traffic control; nonuniform motion; safety; simulation;
target acquisition; time to collision; visual acceleration;
visual deceleration

General Description

When the paths of two moving objects intersect and the
path of one is occluded before the point of intersection,
observers most accurately predict a collision when both
objects are moving at a constant velocity and no more
than half of the track is occluded. Prediction is also accu-
rate when one of the objects exhibits “‘natural” motion
(acceleration followed by Icveling to a constant velocity),
but it is much less accurate when one of the objects ex-
hibits constant acccleration or deccleration.

Applications

Situations in which obscrvers must judge the likclihood of
collision between two objects moving in thc forward vi-
sual field (e.g., air traffic control).

and visible for 0.25 or 0.50 of
the distance to the intersection

¢ Four types of movement: con-
stant acceleration or deceleration,
constant velocity, rapidly decreas-
ing acceleration

Methods

Test Conditions

® Bright blue rings. 1.5 deg di-
ameter, with paths intersecting in

the middle of the display

® One reference ring moved

from 10p to bottom of display at
9.6 deg/sec for total distance of
48 deg: second right exhibited dif-
ferent movements at average speed
of 15 deg/sec starting 18 deg to
the left of point of intersection

e Temporal intervals between the
armival of the (two rings at the point
of intersection from 0 to * 360
msec

Experimental Procedure
e Method of constant stimuli

301 Constant

acceleration

Natural motion )

)
c
-}
°
» 204
L] I
]
® |
a 1 C 1 1
[ , Constant | \I
° | velocty | 1
> 101 | | Constant ™\
& | I deceleration !
[1] 1 | |
K- | ] |
(] | | |
> 1 ' |
1 | |
! : ! ﬁ'
0 45 9 18

Distance (degrees)

—

Figure 1. Target motions used, with velocity as a function
of distance. Line at 18 deg corresponds to the position of
intersection, and dotted lines at 4.5 and 9 deg correspond
to positions of occlusion. (From Ref. 2)

¢ Independent variables: type of
motion, difference in time of arri-
val of rings at point of intersec-
tion, amount of occlusion of
horizontal target

® Dependent variable: perceived
time-differencc between arrival of
the two targets at the point of
intersection

® Obscrver’s task: to judge
whcther the horizontal target ar-
rived at the point of intersection
“before™ or “after™ the vertical
target (*'same time™ judgments
were not allowed)

* |1 observers

Experimental Results

e Prediction of time of collision is most accuratc when
the horizontally moving targcts exhibit cither rapidly de-
crcasing acceleration (*‘natural” motion) or constant ve-
locity with relatively little occlusion.

e Time of collision is predicted too soon when the target

e Occluding either 0.25 or (.50 of the horizontal path has
little effect on accuracy of prediction, except when the tar-
get vclocity is constant.

Variability

Thcre is great variability betwecn observers. The standard
deviations of the predicted times of collision averaged

dcce.lerates. S ) 130 msec with the smaller occlusion and 180 msec with
* Time of collision is predicted too latc when the target the larger occlusion.

acccleratcs.

Constraints

® The velocitics studied arc typically too great to be
tracked accurately by the cye. Prediction may be much
more accurate for slow velocities.

936

Boff, K. R., & Lincoln, J. E. Enﬂ'\neering Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.




Spatial Awareness

5.0

Key References
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Perception & Psychophysics,18,
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Cross References
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5.214 Judgment of Impending Collision with
Approaching Targets
12 7 12 . _—
’ - 7
0] i < »
B 10+ K § 101 e
8 Vs (1] 7
o 7 [ ] 4
" ” 2 4
- 8 A 5 8 ,
-4 I ° ’
Q 4 C-4 s
L / ] 4
5 6 4 - = , /s
o P / 8 6 ! L4
4 ,/ [-] G 3
2 ’ / -~ ,/ .
g 4 2 L g o ) p =
- . - ’ 3
v ! © o
® 2 , g 5 | ) °
L z ° 48 [
B ’ 3 s
] / - ,/
53 0 T T T T T 0 y . . -
& 24 & « @ ¢ & 50 40 30 20 10 0
Actual Time to Collision {seconds) Velocity (centimeters/second)
e e R T e e, ee—— & = =
Figure 1. Judged time to collislon as a function of actual Figure 2. Judged time to collislion as a function of object

time to collislon. Vertical bars indicate standard deviations.
Dashed line represents accurate judgment of time to colli-
slon. (From Ref. 1)

velocity. Dashed line represents accurate judgment of time
to colilsion. (From Ref. 1)

Key Terms

Safety; simulation; target acquisition; timc to collision;
velocity

General Description

When an object is approaching from straight ahead, observ-
ers underestimate the time to collision. The amount of
underestimation increases as the actual time to collision in-
creases (Fig. 1) and as the velocity of the approaching ob-
ject decreases (Fig. 2).

Methods

Test Conditions

e Black forms, 3cmand 12cmiin
diameler

¢ Background bisected inlo terrain
and sky 1hal were either both plain,
both a gnd, or one a gnd

¢ Seven approach velocities of
18-90 km/hr

e Objects started approach from
1.2-2.66 m from observer

e Objects disappeared either

1 or 2 m from observer

e Viewing distance 4 m

Experimental Procedure

o Method of constant stimuli

e Mixed design

¢ Independenl variables: largel
size, targel velocity, lype of back-
ground, length of approach Irack,
distance from the observer al which
target disappeared

¢ Dependent variable: error in
Jjudged lime to collision

o Observer’s task: push a button at
the eslimaled time of collision with
the approaching object

® 36 paid volunieers, ages 20-51
wilh 20/30 visual acuity or better

Experimental Results

e Time of collision is underestimated.

e Amount of underestimation increases as the actual time to
collision increases and as the object velocity decreases.

® Results are not affected by target size, background detail
distances traversed, or approach velocities.
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Variability
There is great variability in these judgments. Accurate judg-

ments are typically within a standard deviation of the mean
values.

Boff, K. R., & Lincoln, J. E. En ineen'na’Data Compendium: Human
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Constraints

¢ The moving target was never closer than 1 m to the ob-
server. When the distance is very short, estimates of time to
collision can be very accurate.

¢ Stimuli were presented in a movie film; there were no
three-dimensional stimuli.

Key References

*]. Schiff, W., & Detwiler, M. L.
(1979). Information used in judg-
ing impending collisions. Percep-
tion, 8, 647-658.

Cross References

5.213 Judgment of impending col-
lision between targets in the display
field;

Handbook of perception and
human performance, Ch. 19,
Sect. 2.2
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5.215

Motion lllusions with Tracking Eye Movements

Key Terms

Aubert-Fleishl paradox; cye movements; Filehne illusion;
Fujii illusion; illusory motion; motion perception; pendular
whiplash illusion; pursuit eye movements; rcbound illusion;
simulation; spatial disorientation

General Description

A growing body of evidence indicates that the visual system
suffers some loss in accuracy during pursuit eye movements
in terms of position constancy (CRef. 5.201) and judging
the spced and trajectory of moving objects (Refs. 9, 10, 11).
The loss of accuracy in turn gives rise to a number of illu-
sions unique to situations where tracking eye movements
occur. The table describes a number of such illusions and
conditions that influence their occurrence.

Applications

Environments where observers must judge or use informa-
tion about object position, velocity, and trajectory while

tracking moving targets.

Key References

I. Carr, H. A. (1907). Studies
from the psychological laboratory
of the University of Chicago. Psy-
chological Review, 17, 42-75.

2. Dichgans, J., Koener, F., &
Voigt, K. (1969). Verleichende
Skalierung des afferenten und ef-
ferenten Bewegungssehen beim
Menschen: Lineare functionen mit
Verschiedener Antergssteilheit.
Psvchologische Forschung, 32,
277-295

3. Dodge, R. (1910). The pendular
whiplash illusion. Psychological
Bulletin, 7, 390-393.

4. Festinger, L., & Easton, A. M.
(1974). Inferences about the effer-
ent system based on a perceptual

illusion produced by eye move-
ments. Psychological Review, 81,
44-58.

5. Hayashi, K. (1971). The appar-
ent path of a circular moving spot
(Report No. 5). Hiyoshi, Japan:
Keio University Psychological
Laboratory.

6. LaMontagne, C. (1973). A new
experimental paradigm for the in-
vestigation of the secondary system
of human visual motion perception.
Perception, 2, 167-180.

7. Mack, A., & Bachant, J.
(1969). Perceived movement of the
afterimage during eye movements.
Perception & Psvchophysics, 6,
379-384.

8. Mack, A., Fendrich, R., & Siri-

Figure 1.

Actual (solid line) and perceived (dashed line)

trajectories of a moving spot during pursuit eye move-

ments. (From Ref. 4)

gatti, S. (1973). A rebound illusion
in visual tracking. American Jour-
nal of Psychology.86, 425-433.

9. Mack, A., & Herman, E.
(1972). A new illusion: The under-
estimation of distance during pur-
suit eye movements. Perception &
Psychophysics, 12,471-473.

10. Mack, A., & Herman, E.
(1973). Position constancy during
eye pursuit movement: An investi-
gation of the Filehne illusion.
Quarterly Journal of Experimental
Psychology,25, 7-84.

1. Mack, A., & Herman, E.
(1978). The loss of position con-

stancy during pursuit eye move-
ments. Vision Research, 18, 55-62.

12. Miller, J. (1980). Information
used by the perceptual and oculo-
motor systems regarding the ampli-
tude of saccadic and pursuit eye
movements. Vision Research, 20,
59-68.

13. Tauber, E. S., & Kaufman, L.
(1977). Fixation and the stereoki-
netic phenomenon. Perception &
Psychophysics, 22, 241-244.

14. Ward, R., & Morgan, M. J.
(1978). Perceptual effects of pur-
suit eye movements in the absence
of atarget. Nature 274, 158-159.

Cross References
5.201 Subject-relative and object-
relative visual motion,

5.217 Perceived motion with track-
ing eye movements;

5.504 Elevator illusion;

Handbook of perception and
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Sect. 3.4
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Name of iliusion Type of Distortion Criticai Conditions Sources
Aubert- Fleishl paradox A moving spot appears to move more Robust illusion, but strongest with pursuit  Refs. 2, 10, 12
slowly when tracked than whenthe eyes  of a harmonically oscillating target
are stationary; estimates range from
10-40% reduction in velocity
Filehne illusion Stationary objects appear to move in the Robust illusion, strongest when tracking Refs. 10, 11
direction opposite to tracking eye target is adjacent to stationary stimulus
movements enhancing relative displacement
Pendular- whiplash illusion Two points are equidistant from center Has not been widely investigated in re- Refs. 1,3
and on opposite sides of a swinging pen-  cent times
dulum; the tracked point appears to
move more slowly and through a smaller
angle than the untracked point; tracked
point stops at extreme positions while
other point appears to move
Fuijii illusion A spot that moves in a square trajectory Pursuit movements cannot follow the Ref. 4
has a distorted perceived trajectory abrupt direction changes, and therefore
(Fig. 1) overshoot the corners
Rebound illusion A target moving in a straight path sud- As in Fuijii illusion, pursuit movements Ret. 8
denly stops, but appears to rebound overshoot at point of abrupt change
sharply backwards at point where it stops
Unnamed illusions Afterimages appear to move in the direc-  Occurs with dark field, but visible with Ref. 7
tion of pursuit movements vivid afterimage while tracking in daylight
While tracking across a field of dynamic Occurs because some random set of
random-dot noise, a vague area of the dots is stationary on retina due to com-
field moves with the tracking movements  mon motion with pursuit movements
A row of dots stroboscopically illumi- Dot display is ambiguous with regard to Ref. 6
nated appears to move in synchrony with  identity of dots from frame to frame;
target being tracked movement of dots is preferred interpre-
tation duning pursuit
Perceived trajectory of target relative to Produced under same conditions as
actual one is shortened 10-20% by Aubert-Fleish! paradox
pursuit
Perceived trajectory of a circulary mov- lllusion greatest at relatively slower ve- Ref. 5

ing spot is a spirally shrinking circle or el-
lipse during pursuit

locities and relatively brief viewing time
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5.216 Autokinetic lllusion

Key Terms

Autokinetic illusion; eorollary diseharge; illusory motion;
motion perception; stabilized images

General Description

When a dim spot of stationary light is observed in an other-
wise dark room, the spot will appear to move about after a
brief period. This phenomenon was first noted by early as-
tronomers while star gazing, and was termed autokinetic
motion by Aubert (Ref. 1). The illusion has been well stud-
ied and the table deseribes a number of its eharaeteristies.
There is no generally aceepted explanation for the illu-
sion. One explanation attributes it to spontanecous shifts in
apparent egocentric position in the dark (Ref. 2). There is,
however, no independent evidcnec of such spontaneous
shifts in egocentrie position. More widely aceepted expla-
nations attribute the autokinetie illusion to eye movements.
It has been suggested that the illusion might be caused by
involuntary slow drifts during fixation (Ref. 7). This is
supported by experiments with retinal stabilization, but

it is contradicted by the greater magnitude of autokinctic
motion and by demonstrations that a retinally stabilized
(afterimage) and normal target move together (in phase)
during autokinesis (Ref. 6). The most eompelling explana-
tion implicates corollary-discharge signals maintaining
stable eye movements against differential fatiguc of the
eye muscles (Ref. 6). In general, these signals would not
move the eyes but would eompensate fatigue and imbalance-
related drift. It is thus consistent with correlated motion

of stabilized and unstabilized images. The mechanism of
apparent motion due to corollary discharge in the absence
of eye movements has been convineingly established
(CRef. 5.202), but this mechanism remains to be estab-
lished as causal in the autokinetic illusion.

Applications

Fixation of dim targets in dark environments.

Factor Result Sources
Magnitude of illusory motion Up to 30 deg maximal displacement are reported; average reports Refs. 5, 8
displacement are 3-4 deg
Velocity Estimates range from 12 min/sec to 15 deg/sec, a range of 75:1 Refs. 3,5,6,8
Characteristics of motion over Motion can be perceived without displacement; speed and amplitude  Refs. 3,4,6,7
time are generally not correlated; initially motion may be jerky but then
smoothes out; prolonged viewing or fatigue leads to accentuated
effects
Background characteristics lllusion is most salient in dark room; presence of other objects re- Ref. 6
duces illusion
Target position Extreme gaze angle leads to immediate motion in the direction of Ref. 3
ocular deviation
Stabilized targets Stabilization along horizontal axis greatly reduces reports of move- Refs. 6,7
ment along that axis; stabilized (afterimage) and normal target will
move in tandem
Set, individual differences 50% of naive observers fail to report illusion; alerting observer in- Refs. 4,6
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creases likelihood of report; one can influence deviation of motion
or even convince observer that light is spelling words
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