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‘““Engineers have been aware of the desirability of
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human operator, but in most cases have lacked the
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Foreword

As a result of his experience in the United States Army
Air Force during World War 1, Dr. Paul M. Fitts 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, while 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 Compendiwum is packaged in four
volumes —three loose-leaf volumes containing design data
and a bound User’s Guide. 1t is anticipated that within a
given organizational element, the three data volumes 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 pereeption and
human performance as a means for guiding tradeoffs be-
tween equipment characteristics and human performanee
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 aceess to the research literature. It is
designed as a professional desk referenee for the practi-
tioner in search of pertinent and reliable information on
human perception and performanee.

The worth of any secondary reference is inextricably

tied to the user’s trust in the author’s objeetivity and exper-
tise in selecting and interpreting the subject matter. In the
design and development of the Compendium, we have
made a deliberate commitment to honor this trust.

The Engineering Data Compendium owes its existence
to the efforts, committment and faith of an extraordinary
group of individuals —extraordinary in terms 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 eontext.

Development of the Compendium

The development of the Engineering Data Compendium in-
volved many iterative stages, procedures, and processes re-
quiring eontrol and communieations 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 technieal data,
many hundreds of hours were spent in planning the logistics
of the eontraeting, management and production of the Com-
pendium. The principal stages in the development of the
Engineering Data Compendium are briefly outlined below.

Data Consolidation

The first step in the development of the Engineering Data
Compendium was to identify, eollect, and consolidate
human pereeption and performance data relevant to design
requirements into a primary referenece — the Handbook of
Perception and Human Performance. To accomplish this
task, the domains of sensation, pereeption, human informa-
tion processing, and human performance were reviewed.
Forty-five technical subareas 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 eom-
pleted in December 1984 and published in two volumes by
John Wiley and Sons in Spring 1986. It has served as the
prineiple data resource in the development of this Compen-
dium and is frequently cross-referenced as a source of use-
ful baekground information and more detailed treatment of
selected empirical and theoretical topies.

Data Selection and Evaluation

The selection and evaluation of data appropriate for the En-
gineering Data Compendium were aceomplished through a
series of structured reviews of selected data sourees and the
candidate items extraeted from them. Specialists familiar
with a given topie area first reviewed information on that
topic eontained 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
item that specified the antieipated treatment in the final
entry, including data funetions, illustrations, and citations
of original reference sourees (journal artieles, technical re-

ports, etc.). This proposal was then evaluated by at least
three reviewers with expert knowledge in the subject area.
Candidate data items were assessed for applieability (gener-
alizability and usefulness for system design), representa-
tiveness (soundness and eurreney of the data), and overall
appropriateness for the Compendium. Reviewers were free
to suggest alternative or supplementary data on the specifie
topic, recommend different organization or treatment, or re-
ject the proposed data item altogether as inappropriate for
the Engineering Data Compendium.

Entry Development

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

Edited entries were then sent for review to subjeet mat-
ter experts and, wherever possible, to system designers.
The entries were evaluated along three dimensions:

(1) Relevanee: Will the information be useful to the tar-
get groups, or is it of purely academic interest?

(2) Content: Is the basic information thoroughly repre-
sented? Is it aceurate and usable as presented?

(3) Form and style: Does the entry adhere to the pre-
scribed format? Is it written in clear and coneise language?

During the course of the successive outside reviews that
occurred as each data item progressed from entry proposal
to final written entry, the qualifications and background of
the reviewers selected shifted from expertise in the specific
subject matter under review to experience with the eondi-
tions under whieh the information eould be applied. This
procedure assured that the information in the 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.

xili



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
{c.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 involved 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 SI (Systeme Interna-
tional) units, reviewed, proofed and corrected. Permissions
for the use of copyrighted materials 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. product
quality, and costs to the final consumer, 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, warchous-
ing and distribution of the Compendium.

Acknowledgment of the Cast

It is difficult, given a project of this scope, to acknowledge
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 element 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 Aerospace
Medical Research Laboratory, Wright-Patterson Air Force
Base, OH. Thomas A. Furness IH, 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 onc
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
product. Gloria Calhoun aided much of the carly 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 entries. Her-
schel single-handedly drafted the thousands of design-re-

Xiv

lated questions that comprise the design checklists in the
User’s Guide (Vol. V). Robert Eggleston contributed many
thoughtful suggestions and much personal energy in aiding
major aspects of the project. David Post, our resident color
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, Michael 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 special binder
requirements for the Compendium would be met. Last, but
by no means least, Barbara Osman, Executive Secretary for
the Fitts Human Engineering Division, carefully proofread
volumes of project correspondence. Sandy Stevenson expe-
dited contractual matters and expertly proofread all IPID
product reports. Within the Visual Display Systems
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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-
fectiveness, significant difficulties arise 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 capabilities 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 ergonomics 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 thc 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 problcm influencing the usc 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 rescarchers are often so synthetic
that a major stretch of the imagination is required to find
analogous circumstances in the rcal world to which these
conditions might relate. The concern is that data collected
under such highly limiting conditions cannot be reasonably
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 failurc.
Neither the time nor the resources are ever likely to cxist,
particularly in the midst of design problem solving, to eval-
uate parametrically all the conditions pertaining in an intcr-
active real-world system problem. Ergonomics data arc
useful not because they are directly translatable to multifac-
tor conditions (though some ‘‘cookbook’ answcrs cxist for
some “‘cookbook’’ questions), but rather because they offecr
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 intcnded
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, thc presenta-
tion of information has been tailored to the nceds 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 area
(Refs. 8-12) and have freely borrowed and intcgrated their
successful elements into our approach. Nevertheless, the
Compendium does have scvcral unique fcaturcs: onc 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 comprehcnsible 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, etc.). In the Engineering Data Compen-
dium, basic data and principles from thesc 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 opcrating characteristic curvces).

2. Models and quantitative laws (e.g., CIE spaces,
probability summation, operator control modcls). A modcl
or law had to mcet 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 qucstion directly or to specify the rc-
search needed to answer the question; and (b) it had to have
a well defincd and documented domain of reliablc applica-
tion.

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

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

specific instances (e.g., simultaneous brightness contrast,
visual 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 diffcrent 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 tcch-
niques; specific examples are anatomy of the ear, geomctry
of retinal image disparity, colorimetry techniques).

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

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

To make pertinent information more accessiblc to the
user, graphic modes of presentation arc used wherever
possible. The Compendium contains over 2000 figures
and tables, including data graphs, models, schematics,
demonstrations of perceptual phenomena, and descriptions
of methods and techniqucs. Othcr features of the Compen-
dium include indicators of data reliability, cavcats to data
application, and the use of standardized units of measurc-
ment (Systéme 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 engineer. 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 attcmpt 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 elements 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. 1V).

The prescribed entry format has thc 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 elemcnts
needed to interpret or apply the data without being dis-
tracted by information irrclevant 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 perceptual issucs
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 hicrarchy
of subtopics and supporting entries for that section.

6. Cross references. Each Compendium entry includes
extensive cross references to other Compendium entrics and
to sections of the Handbook of Perception and Human Per-
Sformance (Refs. 11, 12) that provide more dctailed treat-
ment of a topic or subtopic, discussion of rclatcd 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 considcred in the
specification of equipment.

In addition, the User’s Guide comprising Volumc 1V 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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Visual Acquisition of Information
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1.0

Key Terms

Aberration (optical), 1.211, 1.212

Abney cffect, 1.708

Absolute threshold, 1.656

Absorption defect, 1.726

AC/A ratio, 1.231

Acceleration, angular, 1.930

Acceleration, rotary, 1.958

Accommodation, 1.222-1.231,
1603, 1.639, 1.640, 1.953

Accommodation, resting, 1.223,
1.228

Achromatic contrast, 1.601

Achromatic induction, 1.707, 1713,
1.715, 1.716,

Achromatic lightness scale, 1.721

Acuity. See Vernier acuity; visual
acuity

Adaptability, 1.907

Adaptation, 1.401-1.413, 1.652.
See also Chromatic adaptation,
dark adaptation, light adaptation,
perceptual adaptation, selective
adaptation

Adduction, 1.902

Aftereffects, contingent, 1.309

Afterimages, 1.309

Age, 1.603, 1623, 1.707

Aircraft spin, 1.921

Airy’s disk, 1.213

Alteration defect, 1.726

Amblyopia, 1.932

Ametropia, 1.204

Anisometropia, 1.205

Aqucous humor, 1.210

Astigmatism, 1.205

Attention, 1.929, 1.934, 1.939

Autostereoscope, 1.812

Axial chromatic aberration, 1.212

Beamsplitter, 1.108
Benham's disk, 1.719
Bezold-Bricke effect, 1.709
Bezold spreading effect, 1.718
Binocular averaging, 1.803
Binocular display, 1.812, 1.813
Binocular enhancement, 1.801
Binocular eye movements, 1.903
Binocular fixation, 1.808
Binocular interaction, 1.801
Binocular misalignment, 1.813
Binocular rivalry, 1.804-1.807
Binoculars, 1.105
Binocular summation, 1.801-1.803,
1814
Binocular suppression, 1.804-1.807
Binocular viewing, 1.208, 1.801,
1.802, 1.913, 1.949-1.956
Binocular vision, 1.801-1.814
Blackbody radiator, 1.107
Bloch’s law, 1402, 1.512
Blur patch, 1.211, 1.221
Border effects, 1.707, 1.716
Brightness, 1.109-1.111, 1.303, 1.304,
1706, 1.707, 1.710-1.713, L715,
1.720, 1.803
Brightness constancy, 1.712, 1.715
Brightness contrast, 1.713-1.715
Brightness discrimination,
1.401-1403, 1413
Brightness induction, 1713, 1.715

Brightness matching, 1.109, 1.303,
1701, 1.715

Brightness scale, 1.720

Brunswik ratio, 1.712

Cancellation theory, 1.938

Cervico-ocular nystagmus, 1.958

Chroma, 1.706-1.708, 1.710

Chroma, Munsell, 1.724

Chromatic aberration, 1.212

Chromatic adaptation, 1.705, 1.710

Chromatic induction, 1.701, 1.707,
1717, 1.718

Chromaticity, 1.107, 1.303, 1.702,
1.704, 1.710, 1.722

Chromaticity coordinates, 1.722

Chromaticity diagram, 1.722

Chromatism, 1.212

CIE standard colorimetric observer,
1.722

Circularvection, 1.924

Color, 1.606, 1.701-1.726

Color, illusory, 1.719

Color, phantom, 1.719

Color, subjective, 1.719

Color appearance, 1.301, 1.303,
1.701, 1.706-1.710, 1.712, 1.713,
1.715-1.721 1.723-1.725

Color assimilation, 1.718

Color blindness, 1.726

Color contrast, 1.716, 1.717

Color defect, 1.726

Color description, 1.706

Color discrimination, 1.704, 1.705

Color glow, 1.711

Color matching, 1.702, 1.705

Color matching function, 1.722

Color mixture, 1.202, 1.708, 1.723

Color mixture, additive, 1.723

Color mixture, subtractive, 1.723

Color-order system, 1.723-1.725

Color-order system, Munsell, 1.724

Color specification, 1.722

Color spreading, 1.718

Color temperature, 1.102, 1.107

Colorant mixture, 1.723

Colorimetric observer, standard, 1722

Colorimetric purity, 1.703, 1.704,
1.706, 1.707, 1.710, 1.722

Colorimetry, 1.102, 1.107, 1.701-1.704,
1.722

Compensatory eye movements, 1.905
1.917, 1.921, 1.926-1.928, 1.959

Complementary wavelength, 1.722

Complexity, target, 1.643

Cones, 1.301, 1.302

Cone vision. See Photopic vision

Contingent aftereffects, 1.309

Contour effects, 1.707

Contrast, 1404, 1.601, 1.603-1.605,
1.633, 1.649, 1.707, 1.712, 1.715,
1.803. See also Brightness contrast,
color contrast, lightness contrast,
spatial contrast

Contrast discrimination, 1.646

Contrast matching, 1.647

Contrast modulation, 1.219, 1.220

Contrast ratio, 1.601

Contrast sensitivity, 1.602, 1.603,
1.623, 1.628-1.647, 1.650-1.652,
1.802

Contrast sensitivity, temporal,
1.503. 1.505. 1.506, 1.509

Contrast summation, 1.802

Control, active, 1.946

Control, passive, 1.946

Convergence, 1.208, 1.231,
1.808-1.810. 1.902, 1.905. 1.928.
1.951, 1.952

Coordinate systems, 1.238, 1.903

Cornea, 1.201, 1.203, 1.210

Corneal reflection, 1.904, 1.906

Corollary discharge, 1.910

Countertorsion, 1.957-1.959

Critical duration, 1402, 1.512

Critical NMicker frequency, 1.504, 1.507

Critical size, 1.307, 1.308

Cumulative normal function, 1.657

Cupulometry, 1.923

Cycloduction, 1.901

Cyclorotation, 1.956, 1.959

Dark adaptation, 1.232, 1.233,
1.305, 1.306, 1.406-1413, 1.504
Dark focus, 1.223, 1.228

.Daytime vision. See Photopic

vision

Deceleration, angular, 1.930

Declination error, 1.205

Depth of field, 1.22]

Depth of focus, 1.221

Depth perception, 1.239, 1615,
1.951-1.953

Detection. See Gap detection; light
sensitivity; pattern detection;
target detection; visual detection

Detection models, continuous, 1654

Detection models, threshold, 1.653

Deutan, 1.726

Deuteranomaly, 1.726

Deuteranopia, 1.726

De Vries-Rose law, 1.502

Dichromacy, 1.726

Difference threshold, 1.656.
See also Intensity difference
threshold, light increment thresh-
old, spatial frequency difference
threshold

Diffraction, 1.213-1.217, 1.219,
1.220. 1.614

Digital displays, 1.920

Dim targets, 1.936

Diplopia. See Double vision

Discrimination, 1.655. See also
Brightness discrimination, color
discrimination, contrast discrimi-
nation, purity discrimination,
size discrimination, spatial fre-
quency discrimination, spatial
orientation discrimination,
utrocular discrimination

Disjunctive eye movements, 1.906,
1.949, 1.953-1.955

Disorientation, 1.921, 1.927

Disparity. See Retinal image
disparity

Display brightness, 1.105

Distortion, visual, 1.927

Divergence, 1.808

Dominant wavelength, 1.722
Doublc vision, 1.813, 1.955
Duplicity model, 1.302

Duration. See Exposure duration
Dynamic visual acuity, 1.617-1.622

Eccentricity. See Retinal location,
visual lield location

Edge sharpness, 1.641, 1.642

Effectivity ratio, 1.106

Electro-oculography, 1.904, 1.917,
1.920, 1.922, 1.927, 1.930

Emmetropia, 1.204

End-primary crror, 1.946

Entrance pupil, 1.209

Esophoria, 1.902

Excitation purity, 1.703. 1.708,
1.722

Exit pupil, 1.105, 1.209

Exophoria, 1.902

Expectation, 1621, 1.939

Exposure duration, 1402, 1.501,
1.511, 1.512, 1.603, 1.613. 1.624,
1.705, 1.707

Eye, model or schematic, 1.209,
1.210

Eye, optics, 1.201-1.240

Eyeball, 1.201

Eye drifts, 1.911, 1.914, 1.916

Eye focus, 1.201, 1.203-1.205,
1.209, 1.211-1.231, 1639

Eyc-head coordination, 1.910,
1.917, 1.919-1.922, 1.926, 1.927.
1.958, 1.960

Eye movements, 1.610, 1.808,
1.901-1.947. See also subentries
below and Compensatory cye
movements; disjunctive cye
movements, involuntary cye
movements; nystagmus; pursuit
cyc movements; saccadic cye
maovements; torsional eye move-
ments; tracking eye movements;
vergence eye movements

Eye movements, abrupt, 1.906

Eyc movements, anticipatory, 1.948

Eye movements, conjugate. 1.906

Eye movements. control of, 1.910,
1.911

Eye movements, cyclolusional, 1.956

Eye movements, degraded, 1.929

Eyc movements, horizontal, 1.903,
1.931

Eye movements, maladaptive, 1.909,
1.915

Eyc movements, measurement of,
1.904

Eyc movements, vertical, 1.903

Eyepicece, 1.105

Eye rotation, 1.207

Eye signature, 1.811

Eye tremor, 1.912

Facilitation, visual, 1.650
Farbenglut, 1.711
Farsightedncss, 1.204
Fatigue, 1.908

Fechner's colors, 1.719
Fechner's paradox, 1.803
Fick coordinate system, 1.903
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Ficld of view, 1.235-1.237, 1406,
1412, 1.925

Filtering defect, 1.726

Filters, 1.108

Fixation, visual, 1.905, 1.907-1.909,
1.911, 1.912, 1.914-1.918,
1.920-1.924, 1.926-1.930,
1.934-1.938, 1.941, 1.945-1.947,
1.956, 1.958, 1.960

Fixation disparity, 1.951

Fixation stability, 1.911

Flash bleaching, 1.412

Flicker, 1.501-1.513, 1.628

Flicker detection, 1.501-1.509,
1.510, 1.513

Flicker discrimination, 1.510

Flicker frequency, 1.501-1.503,
1.505, 1.508

Fluorence, 1.711

Fluorescence, 1.711

Focus. See Eye focus

Focus defect, 1.204, 1.221

Forced-choice procedure, 1657

Fourier analysis, 1.630

Fovea, 1.201

Foveal vision, 1.301, 1.307, 1405,
1408

Fraunhofer diffraction pattern, 1.213

Frequency. See Spatial frequency;
temporal frequency

Frequency-of-seeing curve, 1.657

Fusional vergence, 1.950, 1.955,
1.956

Gain, 1.939

Ganzfeld, 1.239

Gap detection, 1.613-1.615,

1.617-1619, 1.621, 1.622

Gap discrimination, 1.609
Glissades, 1.908
Gravitational effects, 1.957
Gray scale, 1.721

Head roll, 1.921

Head rotation, 1.917, 1.919, 1.920,
1.922, 1.923, 1.927, 1.928, 1.960

Head tilt, 1.957-1.959

Helmet-mounted displays, 1.918,
1.920, 1.928

Helmbholtz coordinatc system, 1.903

Hering’s law of equal innervation,
1.956

Heterochromatic brightness match-
ing, 1.109, 1.303, 1.701

Heterochromatic flicker photometry,
1.109, 1.701

Heterochromatic lightness matching,
1.303

Heterophoria, 1.809, 1.810

Hue, 1.706-1.710, 1.722

Hue, Munsell, 1.24

Hyperacuity, 1.607-1.609

Hyperopia, 1.204

Ideal radiator, 1.107

Identification, 1.655. See also
Discrimination

Illumination level, 1.103, 1.104, 1.710

1llusions, turning, 1.923

Illusions, vestibular, 1.923, 1.930

Ilusions, visual, 1.239

Image alignment, 1.607, 1.608,
1.610, 1.813

Image intensity distribution, 1.214,
1.21S, 1.217-1.219, 1.220

Image motion, 1.618. See also
Target motion

Image prevalence, 1.804-1.806

Independence, statistical, 1.814

Induction, brightness, 1.713, 1.71§
Induction, chromatic, 1.701, 1.707,
1717, 1.718
Induction, lightness, 1.713-1.715
Inferior oblique muscle, 1.902
Instructions, 1.917, 1.925
Intensity difference threshold,
1.305, 1404
Intermittent illumination, 1.918
Interpupillary distance, 1.208
Interstimulus interval, 1.511
Inverse square law, 1.104
Involuntary eye movements, 1.905,
1.912, 1.922, 1.926, 1.958
Irradiance, 1.104

Labeled channel, 1.655

Latency, 1.909

Lens, 1.206, 1.212

Lens, of the eye, 1.201, 1.203,
1.209, 1.210, 1.222-1.226,
1.228-1.231

Letter recognition, 1.807

Light adaptation, 1.232, 1.233, 1.305,
1.401-1.403, 1405, 1.501, 1.503,
1.508, 1.511-1.513, 1.624

Light increment threshold,
1.401-1.403, 1405, 1406, 1413

Lightness, 1.303, 1.706, 1.707, 1.710
1.712-1.715, 1.721

Lightness constancy, 1.712, 1.715

Lightness contrast, 1.715

Lightness induction, 1.713-1.715.
See also Achromatic induction

Lightness matching, 1.303, 1.701,
1.715

Lightness scale, 1.721

Light measurement, 1.101-1.111

Light scatter, 1.213-1.215, 1.217

Light sensitivity, 1.102, 1.301-1.309,
1401-1413

Line of sight, primary, 1.939

Line-spread function, 1.214-1.216

Localization, visual, 1.912, 1.938

Listing coordinate system. 1.903

Logistic function, 1.657

Log-normal function, 1.657

Luminance, 1.103, 1.104, 1.228,
1.305, 1.502, 1.503, 1.505, 1.511,
1.512, 1.601, 1.603-1.60S5, 1616,
1.619, 1.624, 1628, 1.631-1.633,
1.641, 1705-1.7%07, 1.709, 1.712,
1.713, 1.715, 1.720, 1.721, 1.932

Luminosity, 1.104, 1.109, 1.110, 1.111

Luminosity function, 1.109, 1.110

Luminous efficiency, 1.104,
1.109-1.111, 1.302, 1.304, 1.701

Luminous flux, 1.104

Mach bands, 1.716

Macula lutea, 1.201, 1.202

Magnitude estimation, 1.656

Masking, visual, 1.603, 1.607,
1.650, 1.652

McCullough effect, 1.309

Mesopic vision, 1.103, 1.110

Metamerism, 1.702

Method of adjustment, 1.656

Method of constant stimuli, 1.656

Method of limits, 1.656

Method of paired comparisons, 1.656

Michelson contrast, 1.601

Microsaccades, 1.914, 1.933

Microscope, 1.105

Microtremors, 1.914

Minimally distinct border technique,
1.109

Minimum angle of resolution,
1.611-1.613

Misalignment, image, 1.607, 1.608,
1.610, 1.813

Modulation transfer function,
1.218-1.220. 1.503, 1.505, 1.506,
1.508, 1.601, 1.629, 1.631, 1.632,
1.638-1.640, 1.645

Monitoring, 1.911, 1.936

Monochromacy, 1.726

Monocular viewing, 1.224, 1.230,
1.232, 1.801, 1.802, 1.913

Motion. See Self-motion; target
motion

Motion detection, 1.807

Motion in depth, 1.229

Motor fusion, 1.809, 1.810

Moving surround, 1.924

Munsell color system, 1.724

Myopia, 1.204

Myopia, empty field, 1.223, 1.239

Myopia, instrument, 1.223

Myopia, night, 1.223, 1.227, 1.228

Nearsightedness, 1.204, 1.223, 1.227
Neural quantum theory, 1.657
Neural summation, 1.801

Night myopia, 1.223, 1.227, 1.228
Night vision, 1.227, 1.612
Nystagmatic gain, 1.910

Nystagmus, 1.901, 1.909, 1.919-1.922,

1.924, 1.926, 1.929, 1.930, 1.957,
1.958. See also Optokinetic
nystagmus, postrotary nystagmus,
quick phase nystagmus, slow
phase nystagmus, vestibular
nystagmus

Objective, 1.105

Oblique effect, 1634

Oblique muscles, 1.901, 1.902

Ocular, 1.105

Ocular media, 1.201, 1.202

Ocular transmissivity, 1.202

Oculogyral illusion, 1.921

Oculomotor control, 1.910

Oculomotor disturbances, 1.923

Onset asynchrony, 1.608

Optical constants, 1.210

Optical reference system, 1.238

Optical transfer function, 1.218-1.220

Optics, of the eye, 1.201-1.240

Optokinetic nystagmus, 1.910, 1.918,
1.921, 1.924, 1.925, 1.928, 1.958

Optokinetic reflex, 1.926, 1.959

Orientation. See Spatial Orientation;
visual orientation

OSA color system, 1.725

Otoliths, 1.957

Parallel visual processing, 1.653,
1.654

Pattcrn detection, 1.509, 1628, 1629,
1.630-1.632, 1.634-1.645, 1.647,
1.650, 1.651

Pattern perception, 1.602, 1.648, 1.649

Pattern resolution, 1.609, 1.644

Perceptual adaptation, 1.927

Perceptual organization, 1.714

Perifovea, 1.939

Perimetry, 1.235-1.237

Peripheral vision, 1.235-1.237,
1.301, 1.307, 1.308, 1405, 1408,
1411, 1.633, 1.635-1.637. 1.956

Phantom color, 1.719

Phase lag, 1.939

Phoria, 1.809, 1.810, 1.902

Photometric units, 1.104

Photometry, 1.102, 1.108-1.110

Photopic vision, 1.103, 1.301, 1.302,
1408, 1611, 1.939

Point-spread function, 1.213-1.215,
1.218

Polar coordinate system, 1.238

Position constancy, visual, 1.907,
1.928

Position uncertainty, 1.627

Postrotary nystagmus, 1.923, 1.958

Practice, 1603, 1.622

Probability summation, 1.814

Probit analysis, 1.657

Protan, 1.726

Protanomaly, 1.726

Protanopia, 1.726

Pscudoscopic display, 1.812

Psychometric function, 1.657

Psychophysical method, 1.656

Pulse target, 1.511, 1.512

Pupil, 1.105, 1.203, 1.209

Pupil-aperture function, 1.218

Pupillary reflex, 1.232-1.234

Pupil size, 1.106, 1.224, 1.232-1.234,
1.603, 1614, 1.638

Pupil size, effective, 1.111

Purity discrimination, 1.726

Purkinje image, 1.904

Purkinje shift, 1.304

Purple line, 1.722

Pursuit eye movements, 1.90S, 1.906,
1.915, 1.918, 1.924, 1.932, 1.938,
1.940-1.942,-1.945, 1.947. See
also Smooth pursuit eye move-
ments; tracking eye movements

Quick function, 1.657
Quick-phase nystagmus, 1.922

Radiance, 1.104

Radiant flux, 1.104

Radiometric units, 1.104

Ranking method, 1.656

Rating scales, 1.656

Rectangular coordinate system, 1.238

Rectus muscles, 1.901, 1.902

Reduction defect, 1.726

Reflectance, 1.721

Refraction, 1.201, 1.204-1.206,
1.209-1.211, 1.222-1.231

Retina, 1.201, 1.301

Retinal eccentricity. See Retinal
location, visual field location

Retinal feedback, 1.937

Retinal illuminance, 1.105, 1.106

Retinal image, 1.203-1.206, 1.209,
1.211, 1.212, 1.214-1.221, 1.240,
1.904

Retinal image disparity. 1.949-1.956,
1.959

Retinal image stabilization, 1.910,
1.917, 1.919-1.921, 1.928

Retinal location, 1.216, 1.305-1.307,
1.504, 1611, 1612, 1.635-1.637,
1.705, 1.934, 1.939, 1.941. See
also Visual field location

Retinal rivalry, 1.804-1.807

Retinal size, 1.240

Ricco’s law, 1.308

Rods, 1.301, 1.302

Rod vision, 1.633. See also
Scotopic vision

Rotation, body, 1.958

Rotation, eye, 1.207

Rotation, head, 1.917, 1.919, 1.920,
1.922. 1.923, 1.927, 1.928. 1.960

Saccadic eye movements,
1.905-1.909, 1.915, 1.916, 1.922,
1.931-1.937, 1.939, 1.942, 1.946,
1.959
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Saccadic eye movements, corrective,
1.935, 1.936, 1.946

Saccadic latency, 1.915, 1.935,
1.937

Saccadic drift, 1.916

Saccadic velocity, 1.933

Saturation, 1.703, 1.706-1.708, 1.710,
1.722

Scotopic vision, 1.103, 1.227, 1.301,
1.302, 1.306, 1.308, 1.405,
1.612, 1.633

Selective adaptation, 1.626, 1.651

Self-motion, 1.617, 1.619

Self-rotation, 1.924, 1.958

Semi-circular canals, 1.910, 1.921

Sensitivity. See Visual sensitivity

Shape, 1643

Signal detection theory, 1.656, 1.657

Simulation, 1.927

Simultaneous brightness contrast,
1713, 1.714

Simultaneous color contrast, 1.716,
1.717

Single vision, 1.231, 1.804-1.806

Size, 1.240, 1.305, 1.307, 1.308,
1.403, 1406, 1.408-1410, 1.501,
1.506, 1.507, 1.509, 1.511, 1.625,
1.626, 1.628-1.632, 1.634-1.636,
1.638-1.640, 1.642, 1.645, 1.647,
1.650, 1.707

Size discrimination, 1.648, 1.649

Slow-phase nystagmus, 1.922

Smooth pursuit eye movements,
1.939-1.947. See also Pursuit
eye movements

Snellen acuity, 1.602

Spatial contrast, 1.713, 1.715

Spatial disorientation, 1.921, 1.927

Spatial filtering, 1.626, 1.644,
1.650-1.654

Spatial frequency analysis, 1.601

Spatial frequency difference
threshold, 1.649

Spatial frequency discrimination,
1.648, 1.649, 1.807

Spatial interactions, 1.651

Spatial orientation, 1.620, 1.628,
1.634, 1.652, 1.923, 1.929

Spatial orientation discrimination,
1.807

Spatial orientation selectivity, 1.652

Spatial orientation sensitivity, 1.607

Spatial resolution, 1410, 1.602-1.608
1.610-1.623, 1.643. See also
Visual acuity

Spatial sensitivity, 1.601-1.657
Spatial separation, 1.609
Spatial summation, 1.305, 1.307,
1.308, 1403, 1408, 1.409, 1.624,
1.625
Spatial uncertainty, 1.627
Spectral distribution, 1.102
Spectral radiance, 1.707
Spectral radiance distribution, 1.722
Spectral reflectance, 1.108
Spectral sensitivity, 1.109, 1.110,
1.302, 1.304, 1.701
Spectral transmittance, 1.108, 1.202
Spectrum, visible, 1.10]
Spectrum locus, 1.722
Spherical aberration, 1.211
Spherical refractive error, 1.204
Square-wave jerks, 1.914
Stabilization, 1.926, 1.958
Stabilization, of visual image.
See Retinal image stabilization
Staircase method, 1.656
Step-by-step brightness matching,
1.109
Steroacuity, 1.615, 1.952
Stereopsis, 1.950, 1.951
Stereoscope, 1.812
Stevens’ power law, 1.720
Stiles-Crawford effect, 1.106, 1.111
Subjective color, 1.719
Subthreshold summation, 1.652
Superior oblique muscle, 1.902
Surround configuration, 1.506

Target acquisition, 1.603-1.606,
1.611-1.613, 1.615, 1.616, 1.618,
1.620, 1.621, 1.918, 1.922, 1.925,
1.931, 1.936, 1.939, 1.941, 1.945,
1.946, 1.949. See also Target
detection

Target detection, 1404, 1.509, 1.511,
1.512, 1.624-1.627, 1.657, 1.807,
1.814. See also Target acquisition

Target motion, 1.603, 1.617-1.622,
1.624, 1.637, 1.638, 1.943, 1.947,
1.948

Telescope, 1.105

Telestereoscope, 1.812

Temporal sensitivity, 1.501-1.513

Temporal frequency, 1.510, 1628

Temporal modulation, 1.502-1.510,
1.513

Temporal summation, 1.305, 1402,
1.409, 1.512, 1624

Test patterns, visual, 1.602

Texture, 1.707

Three-dimensional displays, 1.615,
1.950-1.956

Tint, 1.706, 1.708

Torsion, ocular, 1.901, 1.903, 1.959

Torsional eye movements, 1.905,
1.956, 1.957, 1.959

Tracking eye movements, 1.925,
1.939-1.944, 1.946, 1.947. See
also Pursuit eye movements

Tracking in depth, 1.949

Training, 1.925

Transfer function. See Modulation
transfer function

Tremor, ocular, 1.912

Trichromacy, 1.702, 1.722, 1.726

Tristimulus values, 1.702, 1.722

Tritan, 1.726

Tritanomaly, 1.705

Tritanopia, 1.726

Troland, 1.106

Uncertainty, 1.627

Uniform lightness scale, 1.721
Utricles, 1.957

Utrocular discrimination, 1.811

Vector model of identification, 1.655

Velocity, image, 1.913

Vergence eye movements, 1.231,
1.808-1.810, 1.905, 1.913,
1.950-1.956

Vernier acuity, 1.607, 1.608, 1.610,
1.611. See also Visual acuity

Vernier offset discrimination. See
Vernier acuity

Vertical misalignment, 1.607,
1.608, 1.610

Vertical rectus muscle, 1.902

Vertigo, 1.917, 1.921, 1.923, 1.924,
1.927, 1.929

Vestibular function, 1.918, 1.957,
1.958

Vestibular gain, 1.928

Vestibular illusions, 1.923, 1.930

Vestibular nystagmus, 1.918-1.920,
1.922, 1.926, 1.928-1.930. See
also Nystagmus

Vestibulo-ocular interaction, 1.923,
1.938, 1.960

Vestibulo-ocular reflex, 1.910, 1.913,
1.917, 1.919, 1.920, 1.922, 1.926,
1.927, 1.929

Video displays, 1.618, 1.620

Viewing comfort, 1.207

Viewing distance, 1.224, 1.228-1.231,
1.234, 1.603, 1.615, 1.616

Vignetting, 1.207

Visible spectrum, 1.101

Visual acuity, 1.213-1.215, 1.227,
1410, 1.602-1.623, 1.643, 1644

Visual angle, 1.240

Visual detection, 1.653, 1.654. See
also Pattern detection; target
detection

Visual direction, 1.912, 1.933, 1.938

Visual distortion, 1.927

Visual field, 1.235-1.237

Visual field location, 1.216,
1.305-1.307, 1.504, 1.603, 1.611,
1612, 1.624, 1.628, 1.635-1.637,
1.705. See also Retinal location

Visual image, 1.203-1.206, 1.209,
1.211, 1.212, 1.214-1.221, 1.240

Visually coupled systems, 1.918,
1.960

Visual noise, 1640

Visual orientation, 1.959

Visual pathology, 1.102

Visual processing, parallel, 1.653,
1.654

Visual search, 1.935, 1.936

Visual sensitivity, 1.305-1.308,
1.406-1.409, 1411, 1412. See
also subentries below and Spatial
sensitivity; temporal sensitivity

Visual sensitivity, changes in,
1.401-1.413

Visual sensitivity, to light,
1.301-1.309

Visual tracking, 1.229, 1.617-1.622

Visual tracking, anticipatory, 1.621

Visual-vestibular interaction, 1.920,
1.921, 1.925, 1.927, 1.930

Vitreous humor, 1.210

Volumetric display, 1.812

Von Kries coefficients, 1.710

Wavelength, 1.101, 1.102, 1.109,
1.302, 1.305, 1.406, 1407, 1.603,
1.606, 1.706, 1.707, 1.722

Wavelength discrimination, 1.704

WDW normalization, 1.702

Weber-Fechner law, 1401

Weber’s law, 1.502

Yes/no procedure, 1.657
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Glossary

Ahduction. The outward rotation of an eye away from the midline.

Absolute threshold. The amount of stimulus encrgy necessary to
just detect the stimulus. For luminance, it is the minimum per-
ceptible luminance (photometric brightness) when the eye is
completely dark-adapted. Usually taken as the value associated
with some specified probability of stimulus detcetion (typically
0.50 or 0.75).

Accommodation. A change in the thickness of the lens of the cye
(which changes the eye’s focal length) to bring the image of an
object into proper focus on the retina. (CRef. 1.222)

Achromatic. (1) Characterized by an absence of chroma or color.
(2) In optics, corrceted to have the same focal length for two
selected wavelengths.

Adaptation. (1) A changce 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
oceur 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 scmi-permanent change in perception
or perceptual-motor coordination that serves to reduce or eliminate
a registered discrepancy between or within sensory modalitics
or the errors induced by this discrepancy (also called perceptual
adaptation). (CRef. 5.1101)

Adaptometer. An instrument for determining the amount of retinal
adaptation or the time course of adaptation by mcasuring changes
in the observer’s threshold for light. Adaptometers are most
frequently designed to measure dark adaptation.

Alpha wave. Oscillations in the electrical potential of the cortex
of the brain that have a frequency of 6-14 Hz and characteristically
occur when the individual is awake and relaxed. The waves are
generally measured between one clectrode taped to the scalp on
the back of the head and another, morc distant electrode attached,
e.g., to the mastoid.

Amblyopia. Low or reduced visual acuity not corrcctable by refrac-
tive means and not attributable to detectablc structural or patho-
logical defects. Clinically judged present if Sncllen acuity is
20/30 or worsc after refractive corrcetion, or if acuity is
significantly less in onc eye than in the other.

Aqueous humor. The clear, watery fluid that fills the front chamber
of the eye (the space between the cornea and the crystalline
lens) and supplics oxygen and nutrients to the cornea and lens.
(CRef. 1.201)

Artificial pupil. An aperture (smaller than the eye pupil in diameter)
in a disc or diaphragm mounted in front of the eye and used to
control the amount of light entering the eye. A small artificial
pupil (<2 mm) provides the eye with a virtually infinite depth
of field.

Astigmatism. In the eye, refractive crror due to unequal refraction
of light in diffcrent meridia, caused by nonuniform curvature of
the optical surfaces of the cyc, especially the cornea. (CRef. 1.201)

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

Binocular suppression. Decrease or loss of 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 cyes are presented with conflicting infor-
miation (such as different colors or different orientation of contours)
on corresponding parts of the retinas. (CRef. 1.804)

Blackbody source. See blackbody radiator.

Blackbody radiator. An ideal surface that completely absorbs all
radiant energy of any wavelength incident upon it (and therefore
appears black) and emits radiant energy of a spectral distribution
that varies with absolute temperature according to Planck’s radia-
tion formula; also known as a Planckian radiator or an ideal
radiator. (CRef. 1.107)

Blind spot. The region of the retina where the optic nerve exits
the eye; this region contains no visual receptors and is therefore
insensitive to light; also known as the optie disc.

Bloch’s law. A law stating that, for brief targets (less than ~100 msec).
the threshold intensity for detecting a target varies inversely
with exposure duration; i.e., I = k/T, where [ is the light
intensity of the target, T is exposure duration, and & is a constant.
In other words, target lights with equal energy (or equal
numbers of quanta) are equally detectable (/ X T = k).

Brightness. The subjective attribute of light sensation by which a
stimulus appears to be more or less intense or to emit more or
less light. Brightness can range from very bright (brilliant) to
very dim (dark). In popular usage, brightness implics higher
light intensities, dimness the lower intensities.

Brightness induction. See induetion.

Candela. A unit of luminous intensity equal to the luniinous in-
tensity in a direction perpendicular to the surface of 1/60 of
1 square centimeter of a blackbody radiator at the solidifica-
tion temperature of platinum. Sometimes also called candle or
new candle.

Chroma. (1) The attribute of color perception representing the
degree to which a chromatic color differs from an achromatic
(gray) color of the same lightness. (2) The dimension of the
Munsell color system corresponding most closely to
saturation.

Chromatic. Having hue; colored; i.e.. appearing different in quality
from a neutral gray of the same lightness value.

Chromatic 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)

Chromatic induction. See induetion.

Chromaticity. The quality of a color characterized by dominant
or complementary wavelength (hue) and purity (saturation) but
not brightness or lightness.

Chromaticity coordinates. The proportions of each of the three
standard primaries required to match a given color, expressed as
the ratio of the amount of onc primary to the total amount of
all three. The chromaticity coordinates are designated as x, ¥, and
2 in the colorimetric system of the CIE (Commission Internationale
de I'Eclairage).

Chromaticity diagram. The two-dimensional diagram produced
by plotting two of the three chromaticity coordinates (x, v, 2)
against one another. The most widely used is the (x, )
diagram of the CIE (Commission Internationale dec
I'Eclairage), plotted in rectangular coordinates. (CRef. 1.722)

CIE. Commission Internationale de I'Eclairage (International
Commission on lllumination), an international organization de-
voted to the study and advancement of the science of illumination
that has developed a number of international standards in pho-
tometry and colorimetry.

CIE ohserver. A hypothetical observer with standard color vision
defined by the color-matching behavior embodied in the RGB
and XYZ systems of the CIE (Commission Internationale de
I'Eclairage).
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Circularvection. Illusory self-rotation induced by rotating scenes.
Color assimilation. A form of chromatic induction in which the
difference between adjacent colors diminishes and it appears
as though the color of one field spreads into and combines with

the color of another field. Also known as Bezold spreading
effect. (CRef. 1.718)

Colorimetric purity. The ratio of the luminance of the spectrally
purc component of a mixturc to thc luminance of the mixture
itself. (CRef. 1.703)

Color temperature. The temperature of a blackbody radiator
(in degrees Kelvin) that has the same chromaticity as a given
color samplc or source. (CRcef. 1.107)

Color wheel. A colored disk consisting of two or more disks of
different eolors cut along a single radius, then interleaved and
overlapped to provide any desired ratio of exposure; the composite
disk is rotated rapidly to produce a perceptual mixture of the
colors.

Complementary wavelength. The wavelength designated by the
point on the spectrum loeus of a ehromaticity diagram that lies
on the opposite side of the achromatic point. in a straight linc
with the wavelength in question; i.c.. the wavelength that, when
mixed with the wavelength in question, yields white.

Complex conjugate. A quantity that has the same real part as a
seeond quantity but an imaginary part with the opposite sign;
¢.g., a — ibis the complex conjugate of @ + ib, where i = /—1.

Cone. A cone-shaped photoreceptor in the retina of the eye;
cones are the only reeeptors in the fovea and their density falls
off rapidly with distanee from the fovea. Cones function only
at photopic (daylight) levels of illumination; they are responsible
for color vision and fine visual rcsolution. (CRefs. 1.201, 1.301)

Contrast. The difference in luminance between two areas. In the
research literature, contrast is expressed mathematically in
several nonequivalent ways (CRef. 1.601). (See also contrast
ratio, Michelson contrast.)

Contrast ratio. A mathematical expression for contrast (luminance
difference between two arcas); defined in this way, the contrast
of one area with respect to a second is given as L,/L,, or as
(L, + L))/L,, where L, is the luminance of the first arca and
L, is thc luminance of the second area. (CRcf. 1.601)

Contrast sensitivity. The ability to perceive a lightness or bright-
ness difference between two areas; gencrally measured as the
reeiprocal of the contrast threshold. Contrast scnsitivity is fre-
quently measured for a range of target patterns differing in
value along some dimension such as pattern clement size and
portrayed graphically in a contrast sensitivity function in
which the reciprocal of contrast threshold is plotted against
pattern spatial frequency or against visual angle subtended at
the eye by pattern elements (such as bars).

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

Convergence. Inward rotation of the eyes so that the lincs of sight
intersect at the distance of the object being viewed and the im-
ages of the object in the two cyes fall on corresponding por-
tions of the two retinas. (CRef. 1.808)

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)

Cornea. The transparent structurc forming the front part of the
fibrous coat of the eyeball and covering the iris and pupil.
(CRef. 1.201)

Corollary discharge. That component of an internally generated
command (outflow) signal (such as a signal to movc the eycs)
that is theoretically used for comparison with the inflowing
sensory signal in determining perception.

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

Dark focus. The distance to which the eye is foeused in the dark.

Decibel. A standard unit for expressing the ratio between the
power levels of two acoustic or electrical signals. The decibel
is sometimes used in vision to denote the ratio between two
stimulus magnitudes, such as the threshold contrast for a given
target under two different experimental conditions. One decibel
is taken to be 10 log p,/p, (where p, and p, are the magnitudes
of the two stimuli).

Dependent variable. The response to a stimulus presentation
measured by the investigator to assess the effect of an experi-
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
diameters to assess the effects of target size (independent
variable). (Compare independent variable.)

Detection threshold. See absolute threshold. threshold.

Dichoptic. Referring to viewing conditions in which the visual
displays to the right and left eyes are not identical but differ
with respeet to some property (such as luminance or placement
of contours).

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

Diopter. (1) A measurement unit expressing the refractive power
of a lens and equal to the reciproeal of the foeal length in meters.
(2) A measurement unit expressing the vergence of a bundle of
light rays equal to the reciprocal of the distance to the point of
intersection of the rays in meters (taking a positive valuc 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, sinee it indicates the amount of eye accommodation
necessary to bring the object into proper focus on the retina.
(3) A measurement unit expressing the 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.

Dominant wavelength. The spectral wavelength that will match
a given sample of color when mixed with a suitable proportion
of white and adjusted appropriately in intensity.

Double vision. A condition in which a single object appears as
two objects because the images of it in the left and right eyes
do not fall on corresponding portions of the retinas; also called
diplopia.

Electroencephalogram. A graphical recording of changing elec-
trical potentials due to the activity of the cerebral eortex.
measured from eleetrodes located on the scalp.

Emmetropia. Optically normal vision; i.e., the refractive condi-
tion of the normal eye in which an object at infinity is brought
accurately to a focus on the retina when accommodation 1s relaxed.
(Compare farsightedness; nearsightedness.)

Entrance pupil. The image of the aperture stop formed by the
portion of an optical system on thc object side of the stop. The
dark aperture seen when looking into a person’s eye is the
entrance pupil of the eye, which is larger and closer to the
cornca than the real pupil.

Esophoria. A tendency for one or both eyes to turn inward in the
absence of adequate fusion contours. (CRef. 1.809)

Exophoria. A tendency for onc or both eyes to turn outward in
the absence of adequate fusion contours. (CRef. 1.809)

Extended source. A light source that, unlike a point source,
subtends a non-zero angle at the observer’s eye. In practice,
considered to be any source whose sizc is larger than onc-
tenth the distance from the observer to the source.

Factorial design. An experimental dcsign in which every level
or statc of each independent variable is presented in combination
with every level or statc of every other indcpendent variable.
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Farsightedness. An error of refraction in which parallel rays of
light from an object at infinity are brought to a focus behind
the retina when aceommodation is relaxed. In some individuals
with this condition, accommodative power may be sufficient to
achieve good focus of objects at all distanees; others may require
corrective lenses to achieve proper foeus of very near objects.
Also known as hyperopia or hypermetropia. (CRef. 1.204)

Fixation disparity. Convergenee of the eyes to a planc in front of
or behind the intended plane of fixation.

Fixation distance. Thc distance to which the eyes are eonverged.

Fixation point. The point in space toward which one or both eyes
are aimed. In normal vision, the image of the fixation point
falls on the fovea.

Fourier analysis. The representation of a complex periodic
waveform as the superposition of a series of single sinusoidal
components according to Fourier's theory.

Fovea. A pit in the center of the retina (approximately 1-2 deg of
visual angle in diameter) where the density of cones is highest
and visual acuity is greatest.

Gaussian distribution. A probability density function that approxi-
mates the frequency distribution of many random variables in
biological or other data (such as the proportion of ouicomes
taking a particular value in a large number of independent
repetitions of an experiment where the probabilities remain
constant from trial to trial). The distribution is symmetrical,
with the greatest probability densities for values near the mean
and decreasing densities at both larger and smaller values, and
has the form

2
i) = g (552)
oV2rx
where f (x) is the probability density for the value x in the dis-
tribution, g is the mean value, and o 1$ the standard deviation,
Also callcd normal distribution or normal probability
distribution.

Heterochromatic brightness matching. A procedure in which a
fixed-radiance reference light of known luminance is presented
adjacent to a comparison field with a different wavelength com-
position. The observer adjusts the radianee of the comparison
field until both appear of equivalent brightness. The procedure
1s used to measure relative sensitivity to light of different
wavelengths. (CRef. 1.109)

Heterochromatic flicker photometry. A procedure in which a
reference light of fixed luminance is alternated in time with a
coextensive comparison light with a different wavelength com-
position. The observer adjusts the radiance of the comparison
light to climinate or minimize the sensation of flicker. The
procedure is used to measure relative sensitivity to light of dif-
ferent wavelengths. (CRef. 1.109)

Homatropine. An alkaloid (oxytoluyl-tropeine) applied topically
to the eye to dilate the pupil and paralyze eye accommodation.

Horizontal axis of Helmholtz. In representing eye position, the
horizontal axis connecting the centers of rotation of the two eyes;
eye clevation is specified in terms of rotation about this axis.

Ideal radiator. See blackbody radiator.

Illuminanee. The luminous flux incident per unit arca of a sur-
face at any given point on the surface. The most commonly used
units of measurement are lux (lumens per m?) and foot candles
(fc, or lumens/ft?). (CRef. 1.104)

Increment threshold. See difference threshold.

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

Inducing field. The portion of the visual field acting on and
modifying the pereeption of another portion of the visual field
(the indueed field or test field).

Induction. Alteration of pereeption by indirect stimulation.
Lightness or brightness induction is the alteration of the per-
eeived lightness or brightness of a given area due to the presence
of a nearby area of different lightness or brightness. Chromatie
or eolor induetion is the alteration of the perceived hue of a
colored area due to the presence of a ncarby arca with differ-
ing chromaticity.

Inferior oblique musele. One of the six voluntary muscles that
move the eyeball. (CRef. 1.901)

Interpupillary distance. The distance between the centers of the
pupils of the eyes when the eyes are parallel (converged to optical
infinity); also known as interocular distanee. (CRef. 1.208)

Inverse power function. An exponential function with a negative
exponent, e.g., x"2 or 1/x2

Inverse square law. A law stating that the illuminance or irradi-
ance from a point source varies as the inverse square of the
distance from the source to the observer.

Iris. The circular, pigmented membrane that surrounds the pupil
of the eye. located between the cornea and the crystalline lens.
(CRef. 1.201)

Just-noticeable difference. The least amount by which two stimuli
must differ along a given dimension to be perceived as
nonidentical.

Landolt C. An incomplete ring. similar to the letter C in appear-
ance, used as a test object for visual acuity. The thickness of
the ring and the break in its continuity are cach one-fifth of its
overall diameter. The ring is rotated so that the gap appears in
different positions and the observer is required to identify the
location of the gap. Also called a Landolt ring or Landolt C-
ring. (CRef. 1.602)

Landolt ring. See Landolt C.

Lateral rectus musele. One of the six voluntary muscles that
move the eycball. (CRef. 1.901)

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)

Least-squares method. A mathematical method of fitting a curve
to a set of quantitative data points in which the sum of the squares
of the distances from the points to the curve is minimized.

Lens. A transparent, biconvex, lens-shaped body located immedi-
ately behind the iris of the eye: through the action of the
ciliary muscle, the shape of the semi-elastic lens can be
changed to alter its refractive power and bring the images of
objects at different distances to a sharp focus on the retina.
(CRefs. 1.201, 1.222)

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

Lightness. The attribute of visual perception according to which
a visual stimulus appears to emit more or less light in propor-
tion to a stimulus perceived as “‘white”" Lightness can range
from very light (white) to very dark (black). The physical cor-
relate of lightness is reflectance.

Lightness induction. See induction.

Line-spread funetion. A mathematical description of the relative
intensity of light in the optical image of an infinitesimally narrow
bright line as a function of distance from the center of the image
in a direction perpendieular to the line’s length. (CRef. 1.215)

Lumen. A unit of luminous flux equal to the light emitted within
a solid anglc of unit size by a point source of light with a
luminous intensity of 1 candela; i.c., | candela per steradian.



1.0 Visual Acquisition of Information

Luminance. Luminous flux reflected or transmitted by a surface
per unit solid angle per unit of projected area in a given direc-
tion. The most commonly used units of measurement are candelas
per meter? (cd/m?), footlamberts (fL). and millilamberts (mL).
(CRef. 1.104)

Luminosity. The luminous efficiency (brightness-producing
capacity) of radiant encrgy.

Luminous efficiency. The ratio of the total luminous flux radiated
by a source (i.c., radiant flux weighted by the standard spec-
tral luminous efficiency function of the eye) to the radiant flux
from the source; usually expressed in terms of lumens/watt.
(CRefs. 1.104, 1.110)

Luminous efficiency function. The function describing the rela-
tive sensitivity of the cye to light of different wavelengths.
(CRef. 1.110)

Luminous flux. The radiant flux from a source weighted by the
luminous cfficiency function of the eye (i.e., the response of
the eye to each wavelength present); usually expressed in
terms of lumens. (CRefs. 1.104, 1.110)

Luminous intensity. The light-giving power of a source, measured
as the luminous flux per unit solid angle in a given direction and
usually expressed in terms of candelas (cd. or lumens/stera-
dian). (CRef. 1.104)

Lux. A unit of illuminance equal to the illumination on a surface
I meter from a point source of light with a luminous intensity
of | candela, or | lumen per square meter (I candela per
steradian per square meter).

Macula lutea. The central region of the retina, approximately
6-10 deg of visual angle (2-3 mm) in diameter. Marked by
yellow pigmentation, it is the region of greatest visual acuity;
the fovea is at its center.

Macular. Of or pertaining to the macula lutea.

Masking. A decrease in the detectability of one stimulus due to
the presence of a second stimulus (the mask) which occurs
simultancously with or close in time to the first stimulus.

Maxwellian view. A uniformly luminous field obtained when a
light source is focused on the pupil of the eye. Very high
luminances are achievable and the amount of light entering the
eye is not affected by pupil size.

Medial rectus muscle. One of the six voluntary muscles that
move the cyeball. (CRef. 1.901)

Mesopie. Pertaining to a luminance range intermediate between
photopic and scotopic levels at which both the rods and cones
function.

Metameric pair. Two lights or targets of different spectral com-
position that nevertheless appear identical in color.

Method of adjustment. A psychophysical method for determining
a threshold in which the subject (or the experimenter) adjusts
the value of the stimulus until it just meets some preset
criterion (e.g., just appears visible 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
aseending or descending series of small steps and the observer
reports whether the ‘stimulus is visible or not or indicates its
rclation to a standard stimulus,

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

Microsaccade. Very small movements or tremors of the eye
(2-28 min arc of visual angle) occurring at a variable rate and
most typically scen when observers attempt to fixate very
accurately.

Minimum angle of resolution. The minimum distance (measured
in minutes of are of visual angle) by which two targets (such
as lines or points) must be separated in order to be
distinguished as two targets rather than one. (CRef. 1.602)

Minimum visibility. The smallest perceivahle target size, typically
measured as the width of the narrowest dark line that can be
detected at a given distance and luminance level. (CRef. 1.602)

Mirror stereoscope. A dcvice using a systcm of mirrors to present
separate images of an object or scene to the left and right eyes:
for appropriately constructed sterecograms, the result is a
single, fused image appearing to have depth or three-
dimensionality. Sometimes called a Wheatstone stereoscope.

Monochromatic. Pertaining to or consisting of light of a single
wavelength or a very narrow band of wavelengths.

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

Munsell value. The dimension of the Munsell color system cor-
responding to lightness; it ranges from | (black) to 10 (white)
and is approximately equal to the square root of the reflectance
cxpressed in percent. (CRef. 1.724)

Myopia. See nearsightedness.

Nearsightedness. An error of refraction in which parallel rays
of light from an object at infinity are hrought to a focus in
front of the retina when accommodation is relaxed. An in-
dividual with this condition will see close obejects clearly, hut
distant objects will not be in sharp focus unless corrective
lenses are worn. Also known as myopia. (CRef. 1.204)

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.

Nodal points. The points in a lens system, such as the eye,
toward which and from which are directed corresponding inci-
dent and transmitted rays that make equal angles with the
optical axis.

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 eenter of the compound lens system of
the eye (center of curvature of the cornea in the simple lens
equivalent).

Optokinetic nystagmus. Nystagmus induced by viewing a moving
object.

Optometer. An instrument for measuring the refractive power
and range of vision.

Parafovea. A region of the retina covering approximately 4 deg
of visual angle (0.5 mm), immediately surrounding the fovea.

Peripheral vision. Vision in the peripheral (non-foveal) region
of the visual field.

Photometric unit. A unit for measuring radiant energy in terms
of its effect on vision, as contrasted with radiometric units, which
measure energy and power without regard to biological effeet.

Photometry. The measurement of light in terms of its effects
on vision.

Photopic. Pertaining to relatively high (daytime) levels of il-
lumination at which the cye is light adapted and vision is
mediated by the cone receptors. (CRef. 1.103)

Photoreceptor. A receptor such as a rod or cone cell of the eye
that is sensitive to light.

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

Point source. A light source (such as a star) that subtends an ex-
tremely small angle at the observer’s eye. In practice, considered
to be any source whose diameter is less than one-tenth the
distance of the observer from the source.
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Postrotary nystagmus. Nystagmus caused by decelerative stimu-
lation of the vestibular system after thc ccssation of head rota-
tion; thc eye movements are oppositc in direction to the
nystagmus induced by the head rotation itself.

Primary line of sight. The line connecting the point of fixation
in the visual field with the center of the entrance pupil (and
centcr of the fovea) of the fixating eye.

Probability summation. The increasc in the probability of detect-
ing a stimulus due to an increase in the number of independent
opportunitics for dctection on a given trial (as by viewing with
two cyes or processing by multiple independent sensory mechan-
isms). (CRef. 1.814)

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

Psychometric function. A mathematical or graphical function
cxpressing the relation between a series of stimuli that vary
quantitatively along a given dimension, and the relative fre-
quency with which a subject answers with a certain category
of response in judging a particular propcrty of the stimulus
(c.g., “yes” and “‘no” in judging whether a given stimulus
is detected, or “less than,” “equal to.” and “‘greater than™
in comparing the stimulus with a standard stimulus).

(CRef. 1.657)

Randomized design. An cxperimental design in which the vari-
ous levels of the independent variable are presented in random
order within a given block of trials or cxperimental session.

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

Reflectance. The ratio of reflected radiant flux to incident flux;

the portion of incident light reflected.

Resolution threshold. A measure of the ability to resolve fine
detail; determined in a variety of ways, e.g., as the minimum
scparation between two lines required for them to be seen as
double rather than single, or as the smallest width of bars in a
bar pattern that allows the patterns to be distinguished from a
uniform field.

Retina. The membranous structure lining the inside of the eyeball
which contains the photoreceptors (rods and cones) that
mediate vision.

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

Retinal image disparity. See lateral retinal image disparity.

Ricco’s law. A law stating that, for small targets, the threshold
intensity for detecting a target varies inversely with the size of
the target; i.c., / = k/A, where [ is the light intensity of the
target, A is the target arca, and & is a constant. In other words,
target lights with equal energy (or equal numbers of quanta)
are equally detectable (/ X A = k). (CRef. 1.308)

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

Saccade. A short, abrupt movement (*‘jump’) of the eycs, as in
shifting fixation from one point to another (such as occurs in
reading).

Saturation. The attribute of color perception representing the
degree to which a chromatic color differs from an achromatic
color rcgardless of their lightnesses. For examplc, a red with
low saturation is pink.

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

Sensitivity. In a general sense, the ability to detect stimulation;
in psychophysical studies, refers in particular to the ability to
be affected by and respond to low-intensity stimuli or to slight
stimulus differences; commonly expressed as the reciprocal of
measured threshold.

Signal detection theory. A thcory which holds that performance
on a detection task is a function of both the dctectability ol the
signal (or the sensitivity of the observer) and the observer’s
criterion or response bias in reporting the signal. (CRef. 7420)

Simultaneous contrast. Alteration in thc appearance of onc
stimulus due to the simultaneous presence of another nearby
stimulus that differs from it along some dimension (such as
lightness or color), in such a way that the difference between
the two stimuli 1s accentuated. Simultaneous lightness con-
trast: alteration in the lightness of one stimulus due to the
presence of a ncarby stimulus of different lightness. (CRef.
3.114) Simultaneous color contrast: alteration in the perceived
hue of one stimulus due to the presence of an adjacent stimulus
of different hue. (CRef. 1.717)

Sine-wave. A periodic waveform in which the amplitude at cach
point across timc or space varies according to a sine function.
Sine-wave grating. A bar pattern in which somc property (generally

luminance) varies with spatial position according to a sine
function in a direction perpendicular to the bar. (CRef. 1.601)

Sinusoidal. Varying according to a sinc function.

Sloan letter chart. (1) A chart for measuring visual acuity that
contains ten capital letters graded in size in equal logarithmic
steps and chosen to be equal in difficulty to each other and to
the Landolt ring. There is one chart for testing vision at 20
feet and another for testing at 16 inches. (2) A sct of nine
cards containing samples of discursive text that is used to test
individuals with subnormal vision to dctermine the magnifica-
tion required to read ncwsprint.

Snellen acuity. Visual acuity measured using a standard chart
containing rows of letters of graduated sizes and cxpressed as
the distance at which a given row of Ictters is correctly read by
a specific individual comparced to the distance at which the letters
can be read by a person with clinically normal cyesight. For
cxamplc, an acuity score of 20/50 indicates that the tested in-
dividual can rcad only at a ncarer distance of 20 ft the letters
read by a normally sightcd person at 50 ft. (CRef. 1.602)

Snellen letter chart. A chart for measuring visual acuity con-
sisting of a standard set of letters in rows of graduated size.
(CRef. 1.602)

Spatial frequeney. For a periodic target such as a pattern of
cqually spaced bars, the reciprocal of the spacing between bars
(i.c., the width of one cycle, or one light bar plus one dark
bar), gencrally expressed in cycles per millimeter or cycles per
degree of visual angle.

Spatial summation. The combining of the visual responsc to
light impinging simultancously on different regions of the
retina. (See also Ricco’s law.)

Spectral radiant power distribution. Thc radiant power at cach
wavelength along a given portion of the clcetromagnetic radia-
tion spectrum,

Spectral sensitivity. The relative sensitivity of the eye to light ol
different wavelengths.

Spectrum locus. The line on a chromaticity diagram on which
fall the chromaticities of all wavelengths of the visible spectrum.

Split-half reliability method. A mcthod of measuring test-retest
reliability in which, for speed and convenience, the cocfficient
of correlation is calculated between performance on the first
half of a test and performance on the second half of the test
for a group of subjects, rather than betwcen performancc on
two scparatc repetitions of the test. (See test-retest reliability.)
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Square wave. A rectangular waveform whose amplitude period-
ically shifts instantaneously between two discrete values.

Staircase procedure. A variant of the method of limits for deter-
mining a psychophysical threshold in which 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. The square root of the average squared
deviation from the mean of the observations in a given sample.
It is a measure of the dispersion or scatter of scores or obser-
vations in a sample.

Standard error of the mean. The standard deviation of the
sampling 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. It describes the
variability of the mean over repeated sampling.

Standard luminous efficiency. Luminous efficiency as defined
by the CIE (Commission Internationale de 1'Eclairage).

Standard normal deviate. A tcst score or experimental measure-
ment or datum point expressed in terms of the number and
direction of standard deviation units from the mean of the
sample distribution. Also called standard score or z-score.

Stereoacuity. The ability to discriminate depth or distance on
the basis of lateral retinal image disparity; usually expressed
as the smallest detectable difference in depth of two targets.

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
display to each eye. 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 thrce-dimensionality.

Stereoscopic. Of or pertaining to stercopsis.

Stiles-Crawford effect. The decrease in the apparent brightness
(luminous efficiency) of a narrow beam of light entering the eye
near the edge of the pupil relative to the brightness of an iden-
tical beam entering in the center of thc pupil. (CRef. 1.111)

Superior oblique muscle. One of the six voluntary muscles that
move the eyeball. (CRef. 1.901)

Suppression. See binocular suppression.

Temporal summation. The integration over time of the visual
response to a stimulus falling on a given retinal region or the
combining of the responses to two or more stimuli inpinging
consecutively on the same retinal region. (See also Bloch’s law.)

Test-retest reliability. Consistency in yielding the same or simi-
lar scores on repeated administrations of a given test, measured
by computing the coefficient of correlation between perfor-
mance on two successive presentations of the same test for a
group of subjects.

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;
difference threshold; resolution threshold.)

Tristimulus colorimeter. An instrument for measuring color
which allows a given test color to be specified in terms of the
relative proportions of three primary colors (e.g., red, green,
and blue) which, when additively mixed, give the sam¢ hue
sensation as the test color.

Troland. A unit expressing light intensity at the retina equal to
the illumination produced per square millimeter of pupil area

by viewing a surface with a luminance of | candela per square
meter. Originally called photon. (CRef. 1.106)

T-test. A statistical test used to compare the mean of a given
sample with the mean of the population from which the sam-
ple is drawn or with the miean of a second sample in order to
dctermine the significance of an experimental effect (i.e., the
probability that the results observed were due to the ex-
perimental treatment rather than to chance). Also known as
Student’s t-test.

Two-alternative forced-choice paradigm. An experimental
procedure in which the subject is presented on each trial with
one of two alternative stimuli and must indicate which
stimulus occurred; a response must be made on each trial even
if the subject must guess. Commonly referred to as a
“criterion-free” method of determining sensitivity.

Uniform chromaticity scale. A chromaticity diagram on which
all pairs of just-noticeable different colors of equal luminance
are represented by pairs of points separated by approximately
equal distances.

Vernier acuity. The ability to discern the 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)

Vernier adjustment. Adjustment of the lateral position of one of
two vertical lines placed one above the other until the two
appear vertically aligned. The procedure is used to measure
vernicr acuity.

Vestibular nystagmus. Nystagmus produced by stimulation of
the vesubular system (as by head rotation) or by discase of or
damage to the vestibular apparatus.

Vestibular system. The system comprised of the otolith organs
and the semi-circular canals that mediates the perception of
head position and motion. (CRef. 3.210)

Vestibulo-ocular reflex. Reflexive eye movements initiated by
stimulation of the vestibular system during head movements, in
order to stabilize the eyes with respect to the object being
viewed so that the image of the object on the retina will be
stationary and not blurred by motion.

Visual acuity. The ability of an observer to resolve fine pattern
detail. Acuity is usually specified in terms of decimal acuity,
defined as the reciprocal of the smallest resolvable pattern
detail in minutes of arc of visual angle. “*Normal™ or average
acuity is considered to be 1.0 (a resolution of 1 min arc),
although many young adults have a decimal acuity slightly bet-
ter than this. (CRef. 1.602) (See also Resolution threshold;
Snellen acuity.)

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

Vitreous humor. The transparent, jelly-like substance that fills
the back chamber of the eye (the space between the crystalline
lens and the retina). (CRef. 1.201)

Weber ratio. See Weher’s law.

Weber’s law. A law which holds that the smallest detectable change
in the magnitude of a stimulus along some dimension is always
a constant proportion of the stimulus magnitude from which
the difference is noted. The law is expressed mathematically
as A I/l = k, where [ is the magnitude of the stimulus, A 7 is
the smallest detectable change in magnitude, and £ is a cons-
tant that is often called the Weber fraction or Weher ratio.

White noise. Random noise whose noise spectral level (noise-
power density) is uniform over a wide frequency range;
termed “‘white noise” by analogy to white light.
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1.101
Radiation Spectrum

Range of Visible Energy in the Electromagnetic

Figure 1.
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The position of the visible spectrum within the eiectromagnetic spectrum. The visible spectrum is expanded to

show the colors associated with various waveiengths. Note that visibie iight is piotted on a iinear scaie, whiie the iarger
portion of the spectrum is plotted on aiog scaie. (From R. W. Burnham, R. M. Hanes, & C. J. Bartleson, Coior: A basic guide
to basic facts and concepts. Copyright © 1963 by John Wiiey & Sons, inc. Reprinted with permission.)

Key Terms

Visible spectrum; wavelength

General Description

The electromagnetic radiation spectrum ranges from wave-
lengths of 10-15 meters (cosmic rays) to wavelengths of
many kilometers (radio waves). Only a very small portion
of the total range is seen by humans as visible light. The eye
is sensitive to wavelengths from ~400 to ~700 nm (1 nm
= 109 m). (Wavelength limits are difficult to specify pre-

cisely; the visible spectrum is longer with high intensities
of light.)

The lens of the eye absorbs wavelengths below
~400 nm, making the visual system insensitive to such ra-
diation (and lessening the effect of ultraviolet radiation on
the retina). Because radiative energy per quantum of light is
inversely proportional to wavelength, wavelengths >700 nm,

Boft, K. R., & Lincoln, J. E. En: ineerinevData Compendium: Human
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although impinging upon the retina, are not energetic
enough to produce a chemical reaction in the photorecep-
tors. Thus, humans feel infrared radiation as heat but do not
see these or longer wavelengths.

Visible lights of various wavelengths are perceived as
different colors. Wavelengths at ~470 nm are seen as blue,

~535 nm as green, and ~650 nm as red. During daylight
viewing, the eye is maximally sensitive to wavelengths of
about 550 nm (yellowish-green). White light is a mixture of
all wavelengths. Passing white light through a prism will
separate the wavelengths. Humans can discriminate
~150-200 variations of hue in the visible spectrum.

Constraints

e The perceived color of light depends not simply upon
wavelength, but also upon intensity, the part of the eye to
which light is delivered, ambient illumination, size of stim-
ulus, and duration of stimulus presentation (CRefs. 1.704,

1.705).

Key References

1. Coren, S., Porac, C., & Ward,
L. M. (1984). Sensation and per-
ception. Orlando, FL: Academic
Press.

2. Farrell, R. J., & Booth, J.M.
(1984). Design handbook for im-
agery interpretation equipment.
Seattle, WA: Boeing Aerospace
Co.

3. Haber, R. N., & Hershenson,
M. (1973). The psychology of vi-
sual perception. New York: Holt,
Rinehart & Winston.

Cross References
1.102 Spectral distribution of ra-
diant energy;

1.103 Range of light intensities
confronting the eye;

1.110 Luminous efficiency (spec-
tral sensitivity);

1.704 Chromaticity discrimination;

1.705 Factors affecting color dis-
crimination and color matching
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1.102 Spectral Distribution of Radiant Energy
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Figure 1. The spectral distribution of sunlight as it approaches the earth’s surface. As the
light passes through the different strata of the atmosphere, the spectral content changes.
The verticai lines indicate the region of greatest sensitivity of the visuai system, which is
near the peak waveiength of suniight. The most dominant spectral components of suniight
at the earth'’s surface faii between the regions of greatest visual sensitivity for foveai and

peripheral vision. (From Ref. 2)

Key Terms

Color temperature; colorimetry; light sensitivity; photome-
try; spectral distribution; visual pathology; wavelength

General Description

A light source, natural or artificial, emits radiation at a sin-
gle wavelength (line spectrum), across a narrow set of
wavelengths, or across a wide wavelength band. Light
emitting diodes generate narrow wavelengths of light; emis-
sions from gas discharge lamps and lasers are line spectra.
The spectral emission of any radiation source can be mea-
sured by a spectroradiometer. Figure 1 illustrates the spec-
tral distribution of sunlight as it advances toward the earth’s
surface. Figure 2 shows the spectral emissions of three
common artificial sources of illumination.

Another means of characterizing the nature of an incan-
descent light is through its color temperature (CRef. 1.107).
The spectra of such sources vary with their temperatures. At
low temperatures, the rate of radiation is low and most of it
is concentrated at long wavelengths; as temperature in-
creases the rate of radiation becomes higher and the band-
width broader, with more light emitted at shorter
wavelengths.

The human eye responds to light in the electromagnetic
spectrum in the range of approximately 360-830 nm. Great-
est sensitivity for foveal (cone) vision occurs at about

4

555 nm and for peripheral (rod) vision at about 505 nm.
The limiting factor in an observer’s perception of short
wavelength light is the absorption of such light by the ocular
media and the lens of the eye (CRef. 1.202). The eye’s sen-
sitivity to light of different wavelengths is characterized by
luminous efficiency functions (CRef. 1.110), which show
the relative effectiveness of light of a given wavelength in
stimulating vision. Most observers (i.¢., those with normal
color vision) will, over a wide range of viewing conditions,
require no more than three fixed primary spectral lights
added together to match any other color mixture (CRef.
1.702). Color matches vary across individuals with the age
of the observer; differences between individuals are also
caused by color anomalies that are either acquired or con-
genital (CRef. 1.726).

Acquired anomalies of color vision may be associated
with prolonged or intense exposure to radiation in or near
the visible spectrum. Specifically, the cornea and conjunc-
tiva of the eyes (CRef. 1.201) tend to absorb ultraviolet
radiation below about 295 nm. Excessive exposure to
ultraviolet radiation can induce pathological processes in
these two structures. The lens absorbs radiation in the range

Boft, K. R., & Lincoln, J. E. Engineenng Data Compendium: Human
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of about 295-380 nm; the formation of cataracts can result
from such radiation exposure. The conjunctiva, cornea, and
lens seem to protect the vitreous humor from damage
(shrinkage of the vitreous gel and other types of photodeg-
radation) from ultraviolet light. Pathological changes in the
retina of the eye appear sometimes to be caused by extended
exposure to short wavelength light from the sun. Retinal le-
sions are unlikely to result from exposure to longer wave-
length light, unless one were to stare at the sun for at least
~15 min with a very large (8 mm) pupil. In fact, if wave-
lengths below 700 nm in solar radiation are removed by a
filter, one can gaze at sunlight for considerable periods of
time (Ref. 1).

Another increasingly common source of radiation expo-
sure is the laser, which can induce considerable damage at
the level of the retina. Laser wavelengths below 500 nm
tend to damage the inner layers of the retina; those at about
500 nm affect the pigment epithelium. Such damage can
occur even at such an apparently low power output as
10 w/m? due to the focusing of the light and ocular
processes.

Finally, some research has indicated that, at least for the
amphibian eye, prolonged periods of darkness will induce
retinal damage (Ref. 3).

Applications

The various artificial and natural light sources used as illu-
minants for displays and for visual scenes will affect an ob-
server’s perceptions differently; in some cases, the observer

will ignore differences in illumination (i.e., discount the

illuminant).

Key References

1. Ham, W. T., Jr., Mueller,

H. A., Ruffolo, J.J. Jr., &
DuPont, G., II1. (1980). Solar
retinopathy as a function of
wavelength: Its significance for
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processes. New York: Plenum.

2. Henderson, S. T. (1977). Day-

light and its spectrum (2nd Ed.).
New York: Wiley.

3. Hollyfield, J. G., Raybom,

M. E., & Medford, D. (1980).
Damaging effects of constant light
and darkness on the retina of the
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Baker (Eds.), The effects of con-
stant light on visual processes.
New York: Plenum.

4. Lerman, S. (1980). Radiant
energy and the eye. New York:
MacMillan.
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Cross References

1.107 Color temperature;

1.110 Luminous efficiency (spec-
tral sensitivity);

1.201 Anatomy of the human eye;
1.202 Transmissivity of the ocular
media;

1.303 Equal-brightness and equal-

lightness contours for targets of dif-
ferent colors (spectral content);

1.304 Equal-brightness contours
for lights of different colors (wave-
length) at different levels of adapt-
ing luminance;

1.702 Color mixture and color
matching;

1.704 Chromaticity discrimination;

1.705 Factors affecting color dis-
crimination and color matching;

1.726 Congenital color defects

—

Figure 2. The spectrai energy output from three com-
moniy used artificial sources of lllumination. The high-
pressure xenon lamp (a) produces a relativeiy even distri-
bution across the range of greatest visual sensitivity, while
the zirconlum lamp (b) Is weighted at long wavelengths.
Conventional fluorescent lamps (c) have narrow band
spectra superimposed on a broadband spectrum. (From

G. Wyszecki & W. S. Stiles, Color science: Concepts and
methods, quantitative data and formulae. Copyright © 1967
by John Wiley & Sons. Reprinted by permission.
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1.103 Range of Light Intensities Confronting the Eye
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Figure 1. Therange of iight intensities that confront the human eye. (Adapted from C. H.
Graham [Ed.}, Vision and visuai perception. Copyright © 1965 by John Wiiey & Sons, inc.

Reprinted with permission.)

Key Terms

[llumination level; luminance; mesopic vision; photopic
vision; scotopic vision

General Description

The human eye is sensitive to a wide range of light intensi-
ties, from a minimum visible level of ~0.000003 cd/m? to
an upper tolerance limit of over 300,000 cd/m2. Vision at
very low levels of illumination (e.g., starlight) is termed
scotopic vision and is mediated by the rods; visual acuity
is poor with scotopic vision and no sensation of color (hue)
occurs. Vision at high intensity levels (e.g., daylight) is
known as photopic vision and is mediated by the cones;
photopic vision is characterized by high visual acuity and

the perception of color. Mesopic (mixed) vision (mediated
by both rods and cones) occurs with intermediate light in-
tensities (e.g., moonlight).

Figure 2 shows how outdoor brightness decreases dur-
ing twilight. Dark adaptation of the eye with declining
illumination is at least as rapid as this normal decline in
ambient illumination at evening. Figure 3 shows how the
luminance of a test patch changes with the angular elevation
of the sun above the horizon.

Constraints

o Sensitivity to light depends on the eye’s state of adapta-
tion. Maximum scotopic sensitivity requires ~1 hr of dark
adaptation even after as little as a few minutes’ exposure to
photopic light levels. The time course of light adaptation
is similar for rods and cones and is much faster than dark
adaptation, requiring only a few minutes” exposure at a high
luminance level.
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1.104 Measurement of Radiant and Luminous Energy
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Figure 1. Representation of solld angle » and the Inverse- Figure 2. Definltion of Irradlance and radiance at an angle.

square law. (a) Point P lies at the center of sphere S with ra-
dius r. A set of lines of radius r emanating from P defines an
area A on the surface of S. The steradian measure of solid
angle v is the ratlo » A/r2. (b) The radiant flux emitted by
polint source P Irradlates a larger area as the distance r
from the source Increases. The Irradiance varles Inversely
with the square of the distance r. Thus at distance 2r the ir-
radlance Is 1/4 that at distance r. (From Ref. 1)

(a) The Irradiated surface C is a flat screen tangent to
sphere S only at point b. As o, the angle from the normal to
C, Increases, the distance from source P to the surfaceof C
increases by the factor 1/cos «. In addition, since the Irra-
dlating beam striking C deviates from the perpendicular by
angle o, the radiant flux contained In a narrow solid angle
Incident perpendicularly on surface A will cover a larger
area on surface C (by a factor of 1/cos a). (b) The horlzontal
dashed line shows the perpendicular measurement of the
radiance of surface element A of an extended source. If the
direction of measurement varles from the perpendicular by
angle 6, oniy the projected area A’ Is sampled, and the area
of A’ is less than that of A by a factor of cos 6. (From Ref. 1)

Key Terms

Illumination level; inverse square law; irradiance; lumi-
nance; luminosity; luminous efficiency; luminous flux; pho-
tometric units; radiance; radiant flux; radiometric units
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Table 1. Measures of radiant energy.
Measure Formula Units
E_ g ° g R
Radiant le = P¢/w, where Py = radiant flux or energy in watts (joules/sec); watts/sr
Intensity (lo) w = 47 steradians (sr)
Irradiance Ee = lo/r? (spherical surface) watts/m?
(Ee) Ee = lo cos® o/r? (surface at angle o), where lg = radiant intensity;
r = distance from source; a = angle of incidence (see Fig. 2a)
Radiance Lo = lo/A (normal surface) watts/sr/m?

Le = lo/A cos 8 (inclined surface) where |, = radiant intensity;
A = area of source’s surface element; 6 = angle of incidence

(see Fig. 2b)

General Description

Measurement of Radiant Energy

There are three fundamental types of radiant energy meas-
urement: the total energy emitted from a point in a given di-
rection (radiant intensity), the energy incident on a surface
at some distance from a source (irradiance), and the energy
emitted from a unit area of a surface (radiance).

Radiant Intensity. When electric power is supplied to a
lamp, radiation is emitted. The radiant energy P, emitted
per unit of time, is measured in watts. A set of lines radiat-
ing from a point defines a solid angle at that point (Fig. 1).
The radiant intensity /, of a point source with radiant flux P,
is the radiant flux per solid angle w,

o= Pelw, (1

expressed in units of W/sr (see Table 1). Artificial sources
typically do not radiate uniformly in all directions. In this
case radiant energy intensity is specified with respect to spe-
cific direction.

Irradiance. When radiant flux is incident on a surface,
the surface is said to be irradiated. Let P, be that radiant
flux incident on the interior surface of a sphere of radius r.
The irradiance E, is the radiant flux from a point source fall-
ing on a unit area of this surface,

E.= — 2

expressed in W/m?Z.

The irradiance E, is usually expressed in terms of the ra-
diant intensity /, by substituting the terms P, = w/, into Eq.
2. Irradiance is related to radiant intensity /, by the
expression

E.= —. A3

The radiant flux emitted by a point source falls on a suc-
cessively greater area as the distance from the source in-
creases (Fig. 1b). As noted in Eq. 3, the irradiance E, varies
inversely with the square of the distance r from the source
P,. This relation is called the inverse square law.

Suppose the surface is a flat screen, rather than a spheri-
cal surface (Fig. 2a). Two important changes occur as «, the
angle from the normal, increases. First, the distance to the
surface C is greater than r by the factor l/cos o, and in ac-
cord with the inverse square law, the irradiance will be re-

duced by a factor of cos? a. Second, since the area of the
surface is irradiated at angle a, rather than perpendicularly,
the radiant flux contained in a narrow solid angle w will be
spread over a larger area. The total irradiance on C at angle
o is given by

E, = I, cos’ % 4

Thus on a flat surface, irradiance from a point source
decreases with the cos? of the angle from the normal.

The definition of irradiance and the operation of the in-
verse square law are valid only for a point source of light.
Few physical light sources approximate a point source. Ex-
amples of natural point sources are stars. For practical pur-
poses of measurement, the inverse square law will operate
with an error less than 1% provided the maximal dimension
of the source is smaller than or equal to 1/10 the distance at
which irradiance is measured.

Radiance. The majority of light sources do have finite
dimensions and are called extended sources. Radiance L, is
used to describe the radiant flux per unit of solid angle of an
extended source measured in a given direction per unit area
of the source when projected in that direction. Radiance re-
fers to the areal density of radiant intensity either leaving a
source or arriving at the surface of an object. In the meas-
urement of radiance (Fig. 2b) of an extended source in a di-
rection normal to the surface, L, is given by / /A where A is
the area of an infinitesimal surface element of the source.
With measurement at angle 6 to the normal, only the pro-
jected surface, A’ is given by A cos 0. Radiance is expressed
as

P,
TcosO— mcose 5)
in W/st/m2, where A is the area of the surface of the source
and 0 is the angle between the normal from the surface and
the direction of measurement.

Photometric Units

Radiometric units have a purely physical specification.
However, the definition of light includes reference to the
human observer. Luminous flux is the radiant flux weighted
by the spectral luminous efficiency function of the eye
(CRef. 1.110). This function describes the relative sensitiv-
ity of the eye to different wavelengths. Standard luminous
efficiency functions are defined for both photopic (bright,

L =



1.1 Measurement of Light

Table 2. Measures of luminous energy (and related radiant energy measures).

Luminous Energy Measures  Units

Related Radiant
Energy
Measurement

Luminous Intensity (1) candela (cd) (lumen/sr]

lluminance (E,) lux [lumen/m?]

Luminance (F,) candela/m? [lumen/m?/sr]

Radiant Intensity
Irradiance
Radiance

light-adapted, or cone-dominated) and scotopic (dim, dark-
adapted, or rod-dominated) adaptation levels.

Sets of units parallel to those for radiant energy are used
to specify liminous energy and are called photometric
units. Photometric energy is radiant encrgy modified by the
luminous efficiency function of the standard observer. Cor-
responding to the quantities of radiant intensity, irradiance
and radiance are the photometric quantities luminous inten-
sity, illuminance, and luminance (Table 2). Luminous en-
ergy F, (lumen) is related to radiant energy P, by two
equations:

Fy = KnfPN)V(\X, (6)
F)' = K'nfPMV' (M)A, (7

whereV(\) and V'(\) are standard luminous efficiency
functions for photopic and scotopic conditions, respec-
tively, defined by the Commission Internationale de
I’Eclairage; K,,, and K’ ,, are constants that relate (photopic
and scotopic) lumens to watts. Equation 5 is applicable for
photopic conditions of vision, Eq. 6 for scotopic levels of
vision.

The unit of luminous intensity /, (lumens/sr) is called
the candela (cd); that of illuminance E, (Im/m?2) is called thc
lux; and that of luminance L, (Im/m?/sr) is called the can-
dela per square meter (cd/m?2). Table 2 summarizes the rela-
tions between the radiometric and photometric quantities.

—Adapted from Ref. 2

Constraints

The amount of radiant energy perceived by an observer will
depend not only on the absolute amount of energy in a sig-
nal, but also on the observer’s relative spectral sensitivity
and location in relation to the light source.

2. Pokorny, J., & Smith, V. C.

Key References
(1986). Colorimetry and color dis-

1. Pokorny, J., Smith, V. C., Verri-
est, G., & Pinckers, A.J. L. G.
(1979). Congenital and acquired
color defects. New York: Grune &
Stratton.

crimination. In K. Boff, L. Kauf-
man, & J. P. Thomas (Eds.),
Handbook of perception and
human performance: Vol. I. Sen-

sory processes and perception.
New York: Wiley.

3. Teele, R. P. (1965). Photometry.
InR. Kingslake (Ed.), Applied op-
tics and optical engineering (Vol.
1). New York: Academic Press

Cross References

1.110 Luminous efficiency (spec-
tral sensitivity)
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1.1 Measurement of Light

1.105 Image Luminance with Optical Viewers

Case la Unaided viewing, small pupil Case Ib Unaided viewing, large pupil

\OD]ECIIVE lens
\ = . Eyepiece
~
‘ =
, — =
o~ -
- v
-~
~
/ ~
/ ~ . A
P ~ Case Il Aided viewing, eye pupil limiting
Objective lens Eyepiece
\ N
A 3
NH > : +
]
7 \.",

Case Ill Aided Viewing, display pupil limiting

Case l: E, = 1;_‘ LopeUZ(KSC)
Where:  E = retinal illuminance unaided (Td)
Casell E, = 1_: TLp, (Ko E_ = retinal illuminance with display (Td)
. T, = eye transmittance
=4 = MpL el T, = display transmittance
E, L, = object (imagery) luminance (cd/m?)
2 = i i 2
L, = Tl e L, = effective display image luminance (cd/m°)
E p., = eye pupil diameter, unaided (mm)
CASE Il B, = T TLp,Kse) p,, = eye pupil diameter using display (mm)
E Tp? T 500 NAY 2 ) .
=2d .L"_é = _Lz_ p, = display exit pupil diameter (mm)
E Pey Pey L K,. = correction for Stiles-Crawford effect

required with large pupils
NA = humerical aperture
m = display magnification

A ———

Figure 1. Viewing geometry and equations for determining dispiay image iuminance. (From Ref. 1)

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

Perception and Performance. AAMRL, Wnght-Patterson AFB, OH, 1988.
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Key Terms

Binoculars; display brightness; exit pupil; eyepiece; micro-
scope; objective; ocular; retinal illuminance; telescope

General Description

A microscope, a telescope, or one side of a pair of binocu-
lars consists of two basic parts: an objective lens (or objec-
tive) that forms a primary image of an object or scene, and
an eyepiece (or ocular) that magnifies the primary image
and forms a virtual image that the eye focuses upon the ret-
ina. A lens system or prism assembly may be inserted be-
tween the objective and the eyepiece to yield an upright,
unreversed (erected) image or an image that is changed in
magnification or is more conveniently located. The trans-
mittance and magnification of erecting lenses must be con-
sidered in image luminance calculations, as must the
transmittance of any prisms and the reflectivity of any
mirrors used.

For a round objective, the image of the objective lens
formed by the eyepiece is a circular disc of light, known as
the Ramsden Disc or exit pupil of the instrument. The exit
pupil contains all the light collected by the objective that is
within the field of view of the eyepiece minus a small
amount due to absorption and that part of surface reflections
and scattering that is lost. When the observer’s eye is prop-
erly positioned with respect to the instrument, the eye en-
trance pupil (the image of the real pupil formed by
refraction at the cornea) and the instrument exit pupil coin-
cide in position. When the eye entrance pupil is as large or
larger than the instrument exit pupil, the eye receives all the
light in the exit pupil minus a miniscule amount reflected by
the cornea. In this case, except for the small light losses
mentioned, retinal illuminance is almost the same with or
without the instrument: the instrument view and the direct
view appear equally bright. However, if the exit pupil is
smaller than the eye pupil, the instrument view will appear
dimmer than the direct view: the display luminance is exir-
pupil limited and the retinal illuminance is less. When the
exit pupil is larger than the eye pupil, only light from a cen-

tral disc of the objective lens can get into the eye: the view-
ing is eye-pupil limited. Howcver, direct and instrument
views appear equally bright in this case, except for loss due
to transmittance of the optics.

Figure 1 shows the optical situation for unaided and
aided viewing and gives equations for calculating display
image luminance. The rays traced are for a point on the op-
tical axis of the instrument, and calculations are for on-axis
luminance. Case 1 is for unaided (no instrument) vicwing.
Equations defining retinal illuminance, £, must be corrected
for eye transmittance, T,, unless E is in units (e.g., tro-
lands) that include 7. If, as in Case 11, the exit pupil is
larger than the eye pupil and/or if instrument transmittance
is quite low, the eye pupil may open to a larger diameter
with instrument viewing than when the display is viewed
directly (no instrument). In this case, the light reaching
the retina is increased by the ratio of the two pupil areas,
P.A/P.2. In Case 111, where the eye pupil is larger than
the exit pupil, the amount of light reaching the retina is de-
termined in terms of retinal illuminance; then this quantity
is used to find the luminance that would produce the same
retinal illuminance when the eye pupil is the limiting ap-
erture. Note that in Case 111, retinal illuminance is rc-
duced by both display (or instrument) transmittance, /4,
and by an exit pupil smaller than the eye pupil. In this
case, display pupil diameter, P4, can be replaced by
500 x (numerical aperture)/(display magnification).

When numenical aperture (VA) is not changed with in-
creased magnification, image luminance decreascs by the
square of magnification. Numerical aperturc is NA = N
sin 0,, where N is the index of refraction of the medium
between the objective and the object, and 9,, is the angular
aperture (i.e., the angle of obliquity of the marginal rays
collected by the objective). For air, the index of refraction
is essentially unity.

Key References

1. Farrell,R. )., & Booth, J. M.
(1984). Design handbook for im-
agery interpretation equipment.
Seatlle, WA: Boeing Aerospace
Co.

Cross References
1.104 Measurement of radiant and
luminous energy;

1.106 Conversion of scene lumi-
nance lo relinal illuminance
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1.1 Measurement of Light

1.106

Conversion of Scene Luminance to Retinal llluminance

Key Terms

Effectivity ratio; pupil size; retinal illuminance; Stiles-
Crawford effect; troland

General Description

Retinal illuminance is the product of scene luminance and
effective eye pupil area. Larger pupils admit more light.
When scene luminance is very low, pupil diameter may be
as large as 7 mm, while at very high luminances it may be
as small as 2 mm. A summary curve of pupil diameter, plot-
ted against scene luminance, is shown in Fig. 1. (This curve
is the average for the six studies described in CRef. 1.233.)

Effective pupil area for estimating retinal illuminance is
less than actual pupil area because the relative contribution
of light to the sensation of brightness decreases as the light
enters the pupil an increasing distance from the pupil center.
This is termed the Stiles-Crawford effect (CRef. 1.111). It
is a phenomenon of cone (or photopic) vision (daylight
illumination levels) and does not occur for rod (or scotopic)
vision (nighttime illumination). It is thought to be due to
cone geometry. The ratio between effective and actual pupil
area is called the effectivity ratio, a quantity that varies with
pupil diameter and takes into account the Stiles-Crawford
effect. The effective pupil area is thus the actual pupil area
times this ratio (R), expressed as Eq. 1:

R =1 - 0.01064° + 0.00004164* (1)

where d is pupil diameter in mm. For example, ford =
6 mm, R = 0.67. Estimated retinal illuminance, /, taking
R into account, is

I(trolands) = R X pupil area (mm?2) X
luminance (cd/m?2)

2

Three common units of scene luminance are footlamberts

Scene Luminance (footlamberts)
10 10° 107 10 1 u? 0w e [

Pupll Area (mliilimeters?)

Pupll Diameter (miiiimeters)

T AR
- NRALO ®

—— + -

1 i T T
10 10 10? w0’ 1 10 10 10 10*  10°
Scene Luminance (candelas/meter?)

Figure 1. Eye pupii size as a function of scene luminance.
Curve shown here is the mean curve from Entry 1.233,

Fig. 1. Points on the curve represent the weighted aver-
ages from six studies and 125 subjects. The bars show
the range of averages from the six studies. (From Ref. 2)

(fL), millilamberts (mL), and candelas/meter? (cd/m?).
Units can be converted by equation: 1 cd/m? = 0.292 fL. =
0.314 mL, or by graphs, such as those of Figs. 2 and 3,
which are for scenes viewed with a natural pupil. By com-
paring the two curves on each graph, one based on actual
pupil size and one with pupil size corrected for the Stiles-
Crawford effect, the magnitude of the effect over a range of
scene luminances is apparent. A nomogram such as that of
Fig. 4, which has scales for three common luminance units,
can also be used to convert units.

Applications

The scene luminance-retinal illuminance data are useful in
comparing results of different researchers and in the design
of optical instruments and eye protection devices.

Constraints

o Appreciably different pupil diameters at the same scene
luminance are reported in the literature. Pupil size also var-
ies considerably from one person to the next at the same
scene luminance.

14

® Pupil size is affected by a number of factors, such as tar-
get distance, time since change in scene luminance, and
whether one or both eyes are open (CRefs. 1.232, 1.233,
1.234).

® Scene luminance to retinal illuminance conversions do
not take into account differences in spectral transmissivity
of the eyes.

Boff, K. R., & Lincoln, J. E. En ineen‘ngvDaIa Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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Key References 2. Farrell, R. J., & Booth, J. M. sign of telescopes. Journal of the
(1984, February). Design Hand- Optical Society of America, 34,
1. Bartleson, C. J. (1943). Pupil book for Imagery Interpretation 694.
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Cross References 1.233 Pupil size: effect of lumi-
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Figure3. Conversion of scene luminance (102-10% cd/m?)
to retinal llluminance. (From Ref. 2)
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1.107 Color Temperature

Spectral Emittance

Relative Energy

Flgure 1.

Wavelength (nanometers)

(a) Spectral emisslon of a blackbody radlator as a function of temperature and wavelength. The gray band Indl-
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40
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600 700

(b)

cates the visible spectrum. (b) Relative energy in the visible spectrum as a function of color temperature. The relative en-
ergy levels have been normallzed so that the value for each temperature equals 100 at 590 nm. (From Ref. 4)

Key Terms

Blackbody radiator; chromaticity; color temperature; color-
imetry; correlated color temperature; ideal radiator; recipro-
cal color temperature

General Description

Incandescent light sources are usually specified by their
color temperature. Color temperature is based on the emis-
sion of an ideal radiator whose spectral output differs very
little from that of the light source. The output of the ideal
radiator is dependent on only one parameter, T, its tempera-
ture. Figure la illustrates the emittance of an ideal radiator
by wavelength as a function of temperature. The relative
output (J)) of the ideal radiator at a given wavelength (J,)
can be calculated by Eq. 1:

Jx = {C1/(NM1000)3}H {1/[C2/(N) T— 1]},

where C, = 36,970, C; = 17,320, A = wavelength (in
nm), and 7 is temperature (in Kelvins). Figure 1b shows the
relative energy in the visible spectrum as a function of
wavelength; in this graph, the output is normalized so that
for each value of T, when A = 590 nm, the relative energy
equals 100.

It is useful to specify standard illuminants because, with

)]

16

both natural and artificial light, there is considerable varia-
tion in the spectral emission of radiation. With sunlight, for
example, depending on such factors as elevation of the sun
and direction of incident light, the nature of the illumination
varies considerably. Inconsistencies can be reduced by
using idealized ‘“‘northern’” light with moderate overcast,
although, for extended series of observations, unvarying ar-
tificial lights are preferred over natural (i.e., inconsistent)
sources. In most studies, one can be confident of reproduci-
ble results when the type of illuminant is well specified.
Working standards for “‘white lights’” have been specified
by the Commission Internationale de I'Eclairage (C1E) and
are called standard illuminants. They provide standards for
calibrating colored filters and papers as well as nonspectral
references for colorimetry. The four CIE standard illumi-
nants are illustrated in Fig. 2 (relative spectral radiant power
distributions are tabulated in Table 2). Standard illuminant
A represents light at 2856°K; Standard Dgs involves one
particular phase of natural sunlight with a correlated color

Boft, K. R., & Lincoin, J. E. EnEAneering Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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Figure 2. Spectrai energy
distribution of the four stan-
dard CIE illuminants A, B, C,
and Dgs. llluminant A is that
for an Incandescent lamp
iight at coior temperature of
2854°K; ililuminants B, C, and
D represent the correiated
coior temperatures of direct
suniight (4874°K), the light
from an overcast sky
(6774°K), and another phase
of dayiight (6504°K), respec-
tively. (From Handbook of
perception and human
performance)

Figure 3. Part of the CIE
1931 (x,y)-chromaticity dia-
gram showing chromaticity
points of dayiight as com-
pared to chromaticity
points impiied by Pianck’s
radiation iaw. The large
open circies on the soiid
line depict the coior temper-
ature of a biackbody radia-
tor. The straightiines
intersecting the biackbody
curve indicate isotempera-
ture iines for 4800°K,
5500°K, 6500°K, 7500°K, and
10000°K. Data points pres-
ent observations from 622
measured reiative spectrai
power distributions of day-
iight. Dashed curve is a piot
of Eq. 2 representing a
“daylight locus.” (From G.
Wyszecki & W. S. Stiles,
Color science: Concepts
and methods, quantitative
data and formulae [2nd ed.].
Copyright 1982 by John
Wiiey & Sons, inc. Reprinted
with permission.)
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temperature of ~6504°K. Standard B represents sunlight
with correlated color temperature of 4874°K, Standard C
represents ‘‘average daylight” with correlated color tem-
perature of 6774°K. An alternative specification of color
temperature is reciprocal color temperature, R. Color
temperature conversion filters alter the color temperature of
a hypothetical blackbody radiator while maintaining its con-
formation to a blackbody source.

Some selective radiators, such as fluorescent lights,
show emissions that do not match those of a blackbody ra-
diator at any temperature. For these situations, a new value,
correlated color temperature, is used. It is defined as the
temperature of the blackbody radiator that most closely ap-
proximates the selective radiator in appearance at the same
brightness and under specified viewing conditions. Given
the (x,y) chromaticity coordinates, one can evaluate the
correlated color temperature. The lines are based on the CIE
1931 (x,y)-chromaticity diagram. Figure 3 shows a por-
tion of the CIE 1931 (x,y)-chromaticity diagram that in-
cludes chromaticity points of daylight compared to the
chromaticity points implied by Planck’s radiation law. The
*““daylight locus’ in the figure is described by Eq. 2.

Y= —3.000X02+2.870XD—0.275. (2)

A plot of these values is slightly above, but parallel to, the
chromaticity points based on Planck’s law. Selected isotem-
perature lines are also given.

In some cases, the reciprocal color temperature, R (ex-
pressed in reciprocal megakelvins), provides a useful, altcr-
native specification of color temperature for two reasons.
First, a given change in the value of R (over small intervals)
will produce equal perceptual changes for many color tem-
peratures. Second, a given color temperature conversion fil-
ter will produce the same change in R over a wide range of
color temperatures. This means that an observer’s percep-
tions will undergo similar, predictable types of shifts with
the application of color temperature conversion filters to
different illuminants. Such conversion filters alter the color
temperature of a hypothetical blackbody source while main-
taining its conformation to a blackbody source. The color
temperature of an illuminant using such a filter is given by

Eq. (3).

(3)
Table 1 shows the filters one may use to approximate one of
the four CIE standard illuminants given in Table 2. The en-

ergy distributions in the visible spectrum for four CIE stan-
dard illuminants appear in Fig. 2.

K(sourcc + filter) = 106/(Rsource T Rﬁl(cr)

Applications

When extended observations require constant, well speci-
fied illumination, the CIE standards will provide bases for
establishing those conditions; filters can be used to bring
nonstandard lights into conformity with required
conditions.

Key References Table 1.

1. Commission Internationale de
I’Eclairage. (1931). CIE Proceed-
ings. Cambridge, England: Cam-

Color temperature of CIE standard illuminants and the Kodak color
compensating filters which can be used to reproduce (approximately) the stan-
dard when illuminating sources of different color temperatures are used.
(From Handbook of perception and human performance)

bridge University Press.

2. Judd, D. B. (1933). Sensibility A B Des c
locolor-temperaturechange as a R I I [ R L By
function of temperature. Journal of ~ Color Temperature 2854 4874 6504 6774
the Optical Society of America, 23,
7-14. Reciprocal
3. Moon, P. (1961). The scientific MegaKelvins 350 205 154 148
basis of illuminating engineering.
Sl 2400 417 -67 -210 -263 - 269
4. Pokorny, J., & Smith, V. C. 82C + 82A  B8DA + 80C 80A + 80A 80A + 80A
(1972). Color vision. In A. M.
Potts (Eds.), The assessment of vi- o _ N
sual function. St. Louis: Mosby. 2600 385 = 180 et =287
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5. Pokomy, J., Smith, V. C., Verm-
est, G., & Pinckers, A.J. L. G.
(1979). Congenital and acquired 2800 357 -7 - 152 —203 —209
color defects. New York: Grune & 82 80A + 82A 80A + 80C 80A + 80C
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*6. Wyszecki, G., & Stiles, W. S. 3000 333 +17 -128 -179 185
(1982). Color science: Concepts 80A 80A 80A + 82C 80A + 80D
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Cross References

1.108 Spectral transmittance and

reflectance;
Handbook of perception and —209).
human performance,

Ch. 8, Sect. 2.0
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The reciprocal color temperatures, R, (in reciprocal megaKelvins) are displayed for each color temperature and the re-
quired value of R needed to convert the original source to match a standard illuminant. (If one were to use an illuminant
with color temperature of 2800°K (357 reciprocal megaKelvins), the source could be made to approximate a Standard il-
luminant C through the use of Kodak color compensating filters 80A + 80C. This would produce the requisite A value of

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




Visual Acquisition of Information 1.0

Table 2. Relative spectral radiant power distributions of CIE standard illumi-

nants A, B, C, and Dgs.

Wavelength A B8 C Dgs

(nm) (S(A)) (SO\) (S(\) (S(\)
300 093 0.03
310 1.36 3.30
320 1.93 0.02 0.01 20.20
330 2.66 0.50 0.40 37.10
340 3.59 240 270 39.90
350 4.74 5.60 7.00 44.90
360 6.14 9.60 12.90 46.60
370 7.82 15.20 21.40 52.10
380 9.80 22.40 33.00 50.00
390 12.09 31.30 47.40 54.60
400 14.71 41.30 63.30 82.80
410 17.68 52.10 80.60 91.50
420 20.99 63.20 98.10 93.40
430 24.67 73.10 112.40 86.70
440 28.70 80.80 121.50 104.90
450 33.09 85.40 124.00 117.00
460 37.81 88.30 123.10 117.80
470 42.87 92.00 123.80 114.90
480 48.24 95.20 123.90 115.90
490 53.91 96.50 120.70 108.80
500 59.86 94.20 112.10 109.40
510 66.06 90.70 102.30 107.80
520 72.50 89.50 96.90 104.80
530 79.13 92.20 98.00 107.70
540 85.95 96.90 102.10 104.40
550 92.91 101.00 105.20 104.00
560 100.00 102.80 105.30 100.00
570 107.18 102.60 102.30 96.30
580 114.44 101.00 97.80 95.80
590 121.73 99.20 93.20 88.70
600 120.04 98.00 89.70 90.00
610 136.35 98.50 88.40 89.60
620 143.62 99.70 88.10 87.70
630 150.84 101.00 88.00 83.30
640 157.98 102.20 87.80 83.70
650 165.03 103.90 88.20 80.00
660 171.96 105.00 87.90 80.20
670 178.77 104.90 86.30 82.30
680 185.43 103.90 84.00 78.30
690 191.93 101.60 80.20 69.70

The relative spectral radiant power S(A) in the table is computed for wavelengths of light in the near ultraviolet, visible
spectrum, and near infrared regions.

From G. Wyszecki & W. S. Stiles, Color science: Concept and methods, quantitative data and formulae [2nd ed.). Co-
pyright 1982 by John Wiley & Sons, Inc. Reprinted with permission.
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Figure 1. Schematic diagram showing the path of light

through an incldent to a transparent or translucent surface
(absorption fiiter). Because no surface is completeiy trans-
parent, there wiil aiways be some absorption by the filter,
as well as reflection from the front and rear surfaces. Po(\)
indicates radlant fiux arriving at the filter; P(\) deplicts the
emerging flux. (From G. Wyszeckl & W. S. Stiles, Color sc/-
ence: Concepts and methods, quantitative data and formu-
fae [2nd Ed.]. Copyright 1982 by John Wiley & Sons, Inc.
Reprinted with permission.)

Key Terms

Absorption filter; beamsplitter; conversion filter; cut-off fil-
ter; cut-on filter; Fabry-Pérot filter; gelatin filter; glass filter;
interference filter; liquid filter; passband filter; photometry;

spectral reflectance; spectral transmittance; square-top mul-
ticavity filter

General Description

Color vision depends on the wavelengths of light emitted by
a source or reflected from a surface. A transparent surface
or object can be characterized by the wavelengths of the
light that it absorbs and transmits because, in reality, all sur-
faces and objects will fail to transmit light at some wave-
lengths. This property is called spectral transmittance ().
Figure | depicts what happens to light as it passes through
an absorption filter (see Table 1). Some light is lost through
reflection losses on the two surfaces of the filter, while other
energy is lost by absorption in the filter. The human eye is a
filtering system, with the cornea, lens, and ocular media ab-
sorbing radiation at selective wavelengths and transmitting
at others (CRef. 1.202). When a color filter is used, the flux
it transmits is its relative spectral emittance (S,). Transmit-
tance at a given wavelength A, or S, , is described by Eq. 1.

Se)\=H)\T)\ (l)

where H, is the spectral emittance of the source at wave-
length X and 7, is filter transmittance at A.
A solid object is typically characterized by its spectral

Figure 2. The effects of changes In temperature (AT) on
the spectral transmittance curve of 3 glass filters. The
change is temporary and the characteristics of the fiiter wlili
return to their specified levels with a return to a given tem-
perature. (From G. Wyszeckl & W. S. Stlles, Color sclence:
Concepts and methods, quantitative data and formulae [2nd
Ed.]. Copyright 1982 by John Wiley & Sons, Inc. Reprinted
with permission.)
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Figure 3. Spectral transmittance curve of a Fabry-Pérot-
type (narrow-band) interference fiiter in the ultraviolet and
visible spectrum. In this case, the third-order passband at
475 nmls at the desired wavelength; the second and fourth
order passbands are undesirable and can be eliminated
through the use of additionai fiiters, either absorption or In-
terference, although the transmittance at the desired
wavelength is diminished. The haif-width at 475 nm equals
10 nm here. (From G. Wyszecki & W. S. Stlles, Color sclence:
Concepts and methods, quantitative data and formulae [2nd
Ed.]. Copyright 1982 by John Wiley & Sons, Inc. Reprinted
with permission.)
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Table 1. Classes of filters useful in photometry, colorimetry, and vision

research.

Type

Comments

Absorption Fiiters (General Applications)

Glass

o |t filters come from different batches or melts, slightly ditferent
spectral transmittance curves are not unusual.

¢ Transmittance of glasses containing selenium oxide as a colonng
agent are very sensitive to temperature changes.

¢ Many glass filters emit visible light (fluoresce) with irradiation by ul-
traviolet energy. Filter combinations can help offset this problem.

¢ Surfaces of some glass filters tarnish with exposure to atmos-
phere, high humidity, or high temperature for long durations. Harden-
ing by manufacturers or protection by enclosing between two stable
glasses can protect sensitive filters.

Gelatin

¢ Spectral transmittance of gelatin filters is often similar to that of
colored glass filters.

¢ Gelatin filters are less expensive than glass filters and can easily
be cut to desired size and shape.

¢ Gelatin filters are less stable than glass filters.

» Gelatin filters are very delicate and, unlike glass filters, cannot be
cleaned. They should not be touched by human skin. They are
sometimes cemented between sheets of glass for protection.

¢ Gelatin filters are seldom used in precision radiometry, photome-
try, or colorimetry.

Liquid

e These filters are available for a wide range of spectral transmit-
tance curves.

¢ Liquid filters are inconvenient to use compared to glass filters.

Absorption Fiiters (Speciai Applications)

Heat-Absorbing
Glasses

¢ These transmit near ultraviolet and visible spectral wavelengths,
while absorbing heat-causing infrared wavelengths.

¢ Optical quality of these glasses is typically not as high as for most
other glass filters. For image transmission, rather than to filter a light
source, high optical quality is required.

Color Temperature
Conversion Filters

¢ These filters change the color temperature (Ref. 1.107), the
spectral radiant power of light, either raising or lowering it.

¢ These filters always deviate, to some extent, from the ideal filter;
they can sometimes be improved by combining them with appropri-
ate wide-band interference filters.

¢ Color-temperature filters are used to alter the color temperature of
a blackbody source while maintaining its conformation to a
blackbody.

Filters for
Calibration of
Spectrophotometers

¢ These filters, with specified minima and maxima for certain wave-
lengths, can be used in initial calibration of spectrophotometers.

interference Fiiters

Fabry-Perot Filters

* These consist of two reflective thin films separated by a dielectric
spacer layer; white light incident on these filters is transmitted in a
highly selective manner.

All-Dielectric
Multilayer Filters

¢ More modern than Fabry-Perot filters, these use all-dielectric mul-
tilayer stacks, silver films, which absorb and scatter very little.

¢ High peak transmittances and narrow passbands are attainable.

Filter Wedges

» With these filters, the thickness of all the layers varies across the
surface of the substrate, affecting transmittance in desired ways.
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1.1 Measurement of Light

reflectance, although even ‘‘transparent” surfaces show re-
flectance. Reflectance (p) is the ratio of incident to reflected
light at a surface. Measurements of reflectance are often
compared to that of a uniformly reflecting surface, such as
magnesium oxide.

The spectral transmittance properties of filters are highly
useful in colorimetry and vision research. There are many
types of filters. Those of most interest in colorimetry, and
their limitations, are given in Table 1. Two particular pa-
rameters are useful in characterizing filters. The first is the
wavelength at peak transmission at a single output. The
peak value gives no information about the range of wave-
lengths transmitted, so a second parameter is needed, the
half-width (or half-height bandwidth), which is one-half the
difference between the wavelength values at either side of
the point of peak transmittance at which transmittance falls
to half the peak value (example shown in Fig. 3). In some
cases, the half-width may not be a meaningful index of
transmittance, as when a filter transmits only at one end of
the spectrum (so-called pass, cut-on, cut-off filters).

Many manufacturers’ catalogs specify their filters’
transmittance characteristics, although there may be dis-
crepancies between stated and actual properties, especially
for glass filters. Empirical establishment of the spectral
transmittance is desirable for each individual filter; such
specifications are frequently available from the filter sup-
plier when ordering. The temperature of a glass filter will
alter its transmittance, as shown in Fig. 2. The effect is re-
versible, and the filter will return to its original transmit-
tance at a specified temperature.

Absorption filters are one class of filters; the most com-
monly used kinds are glass, gelatin, or liquids containing
coloring agents (for selective absorption). Such filters trans-
mit light selectively and can be used in multifilter combina-
tions, if desired. Direct photometric measurements of
transmittance characteristics of a series of filters are to be
preferred to mathematical calculations, due to the computa-
tional complexity in accounting for interreflections between
filters. If interreflections can be ignored, calculations of
transmittance are simple for filters in direct optical contact.
Transmittance of the filter array at a given wavelength,
Tc(N\), is shown in Eq. 2:

7N =[1= (PN vi(A) v2(N)...vi(N) (2)

where p is the reflectance at the jth surface, vi(\) is the in-
ternal spectral transmittance of the ith component filter, A is
the wavelength of light in nanometers, and k is the total
number of filters. For this equation to be valid, the cement
between filters must have the same refractive index as that
of the individual filters and must have negligible thickness
and absorption. The transmittance of multiple filters sepa-
rated by air can be calculated for filters with the same re-
fractive index by:

TN =[1=pN)Prvi(A) va(N) ... (N (3)

where p is the reflectance at the jth surface, v{\) is the in-
ternal spectral transmittance of the ¢th component filter, \ is
the wavelength of light in nanometers, and & is the number
of filters. This equation reveals that the reflection loss in
such a combination can be considerable.

Another type of filter is the interference filter, which
consists of multiple layers of different materials deposited
on an optical surface to control or modify the surface’s re-
flection and transmission characteristics. If the reflecting
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Figure 4. Effect of angie of incidence of iight on transmit-
tance of a typicai passband fiiter. Greater eccentricity is as-
sociated with iower transmittance leveis as weii as iower
waveiength peak transmittances. (From G. Wyszecki &

W. S. Stiies, Color science: Concepts and methods, quanti-
tative data and formuiae [2nd Ed.]. Copyright 1982 by John
Wiley & Sons, Inc. Reprinted with permission.)
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Figure5. Spectral transmittance of a dichroic (coior-
selective) beamspiitter. (From G. Wyszecki & W. S. Stiies,
Coior science: Concepts and methods, quantitative data
and formuiae [2nd Ed.]. Copyright 1982 by John Wiiey &
Sons, inc. Reprinted with permission.)

boundaries of these layers are sufficiently close, the re-
flected light becomes coherent and interference occurs,
eliminating certain wavelengths of light. These filters are
called Fabry-Pérot interference filters. The spectral trans-
mittance function of such filters shows a series of clearly
separate passbands across the spectrum corresponding to the
orders of interference produced by the filter. An example of
such a filter is shown in Fig. 3. The second- and fourth-
order passbands are undesirable and can be eliminated by
adding blocking filters. Unfortunately, these blocking filters
also attenuate transmittance at the desired wavelength. In-
terference filters are susceptible to changes in transmittance

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




Visual Acquisition of Information 1.0

as a function of wavelength when the angle of incident light
increases, as shown in Fig. 4. They also change in peak
wavelength with temperature change.

A third means for filtering light is the beamsplitter,
which separates incident light into two beams that diverge.
These filters are dependent on the state of polarization of in-
cident light. Figure 5 shows the transmittance of a diochroic
or color-selective beamsplitter.

Reflectance is primarily used to characterize opaque
surfaces. There has been considerable documentation of the
reflectance of many natural and artificial surfaces. The re-
flection from these objects can be classified in several ways.
Regular reflection (specular or mirror reflection) follows the
law of optical reflection without irregular scattering of light;
diffuse reflection follows no regular reflective pattern;
mixed reflection is partly regular (specular) and partly dif-
fuse. Figure 6 shows the reflectance properties of a magne-
sium oxide surface, the traditional basis of comparison for
other surfaces. Figure 7 illustrates the reflective patterns of
different artificial surfaces.

There are two main kinds of devices for measuring ra-
diant energy: thermal detectors and photon detectors. Ther-
mal detectors are, in theory, independent of wavelength of
the radiant energy, although in practice, there are limita-
tions to this independence. The limitations are inherent in
the composition of the window materials placed in front of
the actual detector. One of the notable disadvantages to
most thermal detectors is their relatively long latency of re-
sponse. Three widely used classes of thermal detectors in-
clude bolometers, thermocouples or thermopiles, and
pyroelectric detectors. There is considerable variability of
response across and within types. The pyroelectric detector
responds faster than the others but is susceptible to vibra-
tions, which increase noise in the response.

The operation of photon detectors is based on either an
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Figure 6. Absoiute spectrai refiectance curve for a uni-
formly refiecting surface of smoke-deposited magnesium
oxide. (From G. Wyszecki & W. S. Stiies, Color sclence: Con-
cepts and methods, quantitative data and formulae [2nd
Ed.). Copyright 1982 by John Wiiey & Sons, inc. Reprinted
with permission.)

external or an internal photoelectric effect. In the external
effect, the photon’s energy is sufficient to free an electron
from the surface of the photosensitive material, triggering a
detection response. In the internal effect, the photon energy
entering the system is too small to free an electron, but it is
sufficient to alter semiconductor states in the measuring de-
vice. Because the photon energy is inversely proportional to
its wavelength, photon detectors are most useful in the ul-
traviolet and visible radiomagnetic spectrum.

Constraints

e Any measurement of transmitted or reflected light energy
will be dependent on the nature of the points or surfaces
from which light will radiate. Consistency of observation
will depend on unvarying viewing conditions, which can be
created when one knows the properties of the objects in
question, and which can be verified with appropriate photo-
metric measurement devices.
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Figure 7. Spectrairefiectance curves for surfaces coated
with aiuminum (Ai), silver (Ag), goid (Au), copper (Cu) and
rhodium (Rh) for use as front-surface mirrors. (From G. Wy-
szecki & W. S. Stiies, Color science: Concepts and methods,
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1.109 Photometric Techniques for Measuring
Spectral Sensitivity
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photometry (HFP}

x = Mimmally distinct border (MDB)

& = Step by step

o0 = Heterochromatic brightness

Log Relative Energy

\

matching (HBM) ‘

|

-2.0 -—— S TR T e e L — T J
400 450 500 550 600 650 700

Wavelength (nanometers)

Figure 1. Relative foveal spectral sensitlvity as measured by four different methods. Data are averages for four observ-
ers with normal color vislon for a 1-deg 40-min visual field. Values plotted are logarithms of values listed In Table 2. (From
Ref. 10)

Key Terms

Brightness; heterochromatic brightness matching; hetero-
chromatic flicker photometry; luminosity; luminosity func-
tion; luminous efficiency; minimally distinct border
technique; photometry; spectral sensitivity; step-by-step
brightness matching; wavelength

General Description duces variable responses. Indircct visual methods (such as
heterochromatic flicker photometry) are easicr to use and
generate more precise results.

Heterochromatic flicker photometry and the method of
minimally distinct border yield very similar results, while
step-by-step and heterochromatic brightness matching yield
results that differ from the first two techniques as well as
from each other. Figure 1 and Table 2 show the rclationship
among techniques and the results they generate. Substantial
inter-subject variability has been found due primarily to
variations in retinal pigmentation and variation in the ratio
of photoreceptor types in the eye. Also, the data for visual
fields with angular subtense <4 deg differ from the results
for larger fields.

Abney’s law states that the total luminance of a complex
light (light of mixed wavelengths) is equal to the sum of the

The human eye is differentially sensitive to various wave-
lengths in the visible spectrum. The relative sensitivity of
the eye at each wavelength is described by a luminous effi-
ciency function (CRef. 1.110). Luminous efficiency func-
tions have been measured for the daylight-adapted eye
(cone or photopic vision), the dark-adapted eye (rod or
scotopic vision), and mixed (rod and cone, or mesopic)
vision.

Luminous efficiency (spectral sensitivity) has been mea-
sured by several different methods, which are summarized
in Table 1. The photopic luminous efficiency function var-
ies depending on measurement technique. In general, direct
visual photometry, in which adjacent patches of different
chromaticity are adjusted until they appear equally bright
(heterochromatic brightness matching), is difficult and pro-

24 Boff, K. R., & Lincoln, J. E. Engineerin‘qNData Compendium: Human
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luminances of the monochromatic components of the light.
This principle of additivity holds for heterochromatic flicker
photometry and minimally distinct border techniques, but
breaks down with brightness matching techniques. For ex-
ample, with two bipatrtite fields, each having a white refer-
ence patch on one half and a chromatic patch on the other,
an observer can match the brightness of the white patches to
their corresponding chromatic patches. If the two white
fields are then added together and the two chromatic patches
are added, the chromatic and the white areas may no longer
appear equally bright.

Such variations with measurement technique do not ap-
pear at scotopic levels of illumination, at least for absolute

threshold and brightness matching techniques. Scotopic
heterochromatic sensitivity functions depend on field size
and radiance levels.

In practical photometry, heterochromatic flicker pho-
tometry is the most relevant technique when the brightness
of different colored lights is to be compared and specified in
terms related to actual visual experience. The Commission
Internationale de I’Eclairage has adopted a standard pho-
topic luminous efficiency function based on data collected
using heterochromatic flicker photometry and step-by-step
brightness matching, and a standard scotopic luminous effi-
ciency function based on data from brightness-matching and
absolute threshold studies (CRef. 1.110).

Table 1. Methods of measuring spectral sensitivity.

Technique/Viewing Conditions

Comments

Absolute Foveal Threshoid

Monochromatic light of specified dimensions and retinal locus is presented in brief, repeated flashes.
Minimum radiance required by the observer for detection defines the absolute threshold. Foveal presen-
tation involves test light of 1 deg visual angle or less.

Different wavelengths of test
light may be tapping separate
cone (photopic) systems. Level
of adaptation may be crucial.

Heterochromatic Brightness Matching (HBM)

Centrally viewed (foveal) bipartite (split) field is used. Reference field is usually white or fixed monochro-
matic light. The observer fixates on the dividing line and adjusts the test field to match the reference field
in brightness. The observer is to concentrate on brightness and ignore hue and saturation. The task is
difficult.

With larger fields, color differences may necessitate supplementary conditions to ensure unambiguous
judgment by the observer. Such adjustments include providing a surround of appropriate color as well as
relaxing the stricture that the observer fixate continuously on the line dividing the two halves of the field
and instead having the observer alternate glances between the two fields and the surround.

Considerable vanability both
within and across observers.

Step-by-Step Technique

Special case of heterochromatic brightness matching. Many reference lights are used. Both reference
and test lights are monochromatic, with wavelengths only a few nanometers apart. This keeps hue and
saturation differences from distorting brightness matches.

Easier than heterochromatic
brightness matching for some
observers.

Heterochromatic Flicker Photometry (HFP)

Two light patches of the same size and shape alternate on same retinal location. One light has known lu-
minance and serves as a reference; its radiance remains fixed. The radiance of the second light is varied
until the sensation of flicker is eliminated or minimized. The adjusted light is usually monochromatic; the
reference light may not be.

Alternation rate at which flicker
is minimized depends on the
wavelength of the adjusted light,
the radiance of the reference
light, and field size.

Minimally Distinct Border (MDB)

Two contiguous lights are presented with their borders precisely juxtaposed. The radiance of one lightis
adjusted until the border between the two lights is minimal. The reference (fixed) field is usually of a white
appearance; the adjusted (test) field is usually monochromatic.

This procedure is as reliable as
heterochromatic flicker photom-
etry. Targets with different chro-
maticities may show minimally
distinct borders with higher lev-
els of contrast between test and
reference fields.
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Constraints

® Spectral sensitivity varies with the level of illumination to

which the observer is adapted.

e Spectral sensitivity varies with field size; in addition, for
large (>2 deg) visual fields, there may be inhomogeneities
in the appearance of the test light.

e There are large individual differences in spectral

sensitivity.
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Table2. Luminous efficiency function obtained by four different techniques.

(From Handbook of perception and human performance)

Wavelength
(nm) HFP MDB Step-by-Step HBM
400 0.0128 0.0144 0.0470 0.0202
410 0.0222 0.0236 0.0538 0.0436
420 0.0301 0.0329 0.0748 0.0800
430 0.0361 0.0402 0.1010 0.0941
440 0.0410 0.0505 0.1250 0.1555
450 0.0525 0.0616 0.1445 0.1650
460 0.0681 0.0817 0.1920 0.1870
470 0.0985 0.1145 0.2400 0.2370
480 0.1518 0.1715 0.3010 0.3285
490 0.1950 0.2280 0.3420 0.3530
500 0.2782 0.3470 0.4630 0.4500
510 0.4550 0.5330 0.6320 0.5870
520 0.6790 0.7500 0.8450 0.8080
530 0.8315 0.8880 0.9540 1.0000
540 0.9410 0.9750 1.0000 1.0000
550 0.9891 0.9970 0.9200 0.9420
560 1.0100 0.9880 0.8360 0.8530
570 0.9670 0.9390 0.6980 0.8310
580 0.8935 0.9060 0.6200 0.8710
590 0.8035 0.8560 0.5360 0.9130
600 0.6450 0.6930 0.4970 0.8600
610 0.5200 0.5950 0.4170 0.7920
620 0.3880 0.4640 0.3200 0.6880
630 0.2945 0.3340 0.2570 0.5550
640 0.1890 0.2340 0.1760 0.3490
650 0.1082 0.1295 0.0925 0.1825
660 0.0615 0.0678 0.0550 0.0765
670 0.0321 0.0358 0.0299 0.0431

Relative sensitivity of the eye to lights of various wavelengths, as measured by heterochromatic flicker photometry
(HFP), minimally distinct border (MDB), heterochromatic brightness matching (HBM), and step-by-step brightness
matching. Data are averages for four observers (based on data from Ref. 10). Data are normalized to an equal energy

spectrum.
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1.110 Luminous Efficiency (Spectral Sensitivity)
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Figure 1. Spectral iuminous efficiency functions for pho-
toplc K()\)] and scotopic K' (7)] vislon. Note that photoplc
efficiency is iower at its peak than is scotopic efficiency at
its peak. These functions derived from 1924 (photopic) and
1951 (scotopic) CIE establishment of photopic and scotopic
standard observers. Km and K',, are the maximum photopic
and scotopic iuminous efficiencies, respectively. (From G.
Wyszecki & W. S. Stiles, Color science: Concepts and meth-
ods, quantitative data and formuiae 2nd ed.]. Copyright ©
1982 by John Wiiey & Sons, inc. Reprinted with permission.)
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Figure 2. Luminous efficiency functions of CiE 1924 stan-
dard observer V()\) for photoplc vision and CIE 1951 stan-
dard observer V'()\) for scotopic vision. Aiso shown s
Judd’s (Ref. 7) modification of CiE 1924 V()\) function in the
biue end of the spectrum. The CIE 1924 V()\) and Judd modi-
fied V()\) are for a 2° foveally fixated fieid. The CIE 1951 V'()\)
is for a completeiy dark adapted observer under age 30.
Functions are derived from 1924 and 1951 CIE functlons.
(From Handbook of perception and human performance)

Key Terms

Brightness; luminosity; luminosity function; luminous effi-
ciency; mesopic vision; photometry; spectral sensitivity

General Description

The human eye is differentially sensitive to wavelengths in
the visible spectrum (~ 400-700 nm). The wavelength re-
gion of maximal sensitivity differs for daylight-adapted
(photopic) vision, dark-adapted (scotopic) vision, and
mixed (mesopic) vision. The spectral luminous efficiency
function describes the relative response of the eye as a func-
tion of wavelength. Figure 1 shows such functions for pho-
topic and scotopic vision. The wavelengths of maximal
sensitivity differ for the two systems, with the scotopic
system showing greater sensitivity for short wavelengths,
and the photopic for longer wavelengths. As the figure
shows, the scotopic system is much more sensitive than the
photopic system.

28

The Commission Internationale de I’ Eclairage (CIE) has
adopted a standard photopic luminous efficiency function,
V(N), as well as scotopic function V'(N), for a standard ob-
server. These functions are shown in Fig. 2. Values for each
curve are normalized on the wavelength of greatest sensitiv-
ity, which is assigned a valuc of 1.0 (shown as zero on thc
logarithmic scale used in the figure). It has been shown that
the CIE V(M) function underestimates the true luminous effi-
ciency at short wavelengths. A subsequent modification to
the function has been suggested (Ref. 7), whichis also
shown in the figure. The functions in Fig. 2 are applicablc
only for visual fields subtending <4 deg. Figure 3 shows
the photopic function for larger visual fields. Mesopic lumi-
nous efficiency functions for several different leve's of illu-
mination are given in Fig. 4.

Boff, K. R., & Lincoln, J. E. En'gli\neeﬁng Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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the curves are based on color-matching data. For compari-
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G. Wyszecki & W. S. Stiies, Color sclence: Concepts and
methods, quantitative data and formulae [2nd ed.]. Copy-
right © 1982 by John Wiiey & Sons, inc. Reprinted with
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Constraints

¢ Luminous efficiency functions vary depending on mea-
surement method used (CRef. 1.109).
¢ There are large individual differences in spectral sensitiv-
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Figure4. Mean mesopic luminous efficiency functions for
three observers (aged 27 to 32) with centrai viewing of a
large (9.5 deg) field. The observers made direct heterochro-
matic brightness matches between quasi-monochromatic
test stimull and a 530-nm reference stimuius of the iumi-
nance indicated in the key, seen through a 3-mm artificiai
pupil. The heavy iines represent the standard scotopic iu-
minous efficiency function V'(\) and the photopic V1p()\)
function. With decreases In luminance, the spectral sensi-
tivity function graduaily shifts from the photopic to the sco-
topic function. (From G. Wyszecki & W. S. Stiles, Color
sclence: Concepts and methods, quantitative data and for-
mulae [2nd ed.]. Copyright © 1982 by John Wiley & Sons,

ity (CRef. 1.109).

inc. Reprinted with permission.)

Key References

1. Commission Internationale de

I’Eclairage (1926). CIE Proceed-
ings 1924. Cambridge, England:

Cambridge University Press.

2. Commission Internationale de
I’Eclairage (1932). CIE Proceed-
ings 1931. Cambridge, England:
Cambridge University Press.

3. Commission Internationale de

I’Eclairage (1951). CIE Proceed-
ings 1951. Cambridge, England:

Cambridge University Press.

4. Commission Internationale de

I’Eclairage (1978). CIE Proceed-
ings 1978. Cambridge, England:

Cambridge University Press.

5. Guth, S. L., Donly,N. J., &
Marrocco, R. T. (1969). On lumi-
nance additivity and related topics.
Vision Research, 9, 537-575.

6. lkeda, M., & Shimozono, H.
(1981). Mesopic luminous-effi-
ciency functions. Journal of the
Optical Society of America, 71,
280-284.

7. Judd, D. B. (1951). Colorimetry
and artificial daylight. In Technical
Committee No. 7, International
Commission on Hllumination (12th
Session, pp. 1-60). Stockholm,
Sweden: International Commission
on lllumination.

8. Kaiser, P. K., & Wyszecki, G.
(1978). Additivity failures in heter-
ochromatic brightness matching.
Color Research and Applications,
3, 177-182.

9. Kokoschka, S. (1972). Untersu-
chungen zur mesopischen Strah-
lensbewertung. Die Farbe, 21,
39-112.

10. Sperling, H. G. (1961). Anex-
perimental investigation of the rela-
tionship between colour mixture
and luminous efficiency. In Na-
tional Physical Laboratory Sym-
posium on the Visual Problems of
Colour (Vol. 1). New York: Chem-
ical Publishing.

11. Wagner, G., & Boynton,

R. M. (1972). Comparison of four
methods of heterochromatic pho-
tometry. Journal of the Optical So-
ciety of America, 62, 1508-1515.

12. Walters, H. V., & Wright,

W. D. (1943). The spectral sensi-
tivity of the fovea and extrafovea in
the Purkinje range. Proceedings of
the Royal Society of London, 131B,
340-361.

13. Wyszecki, G., & Stiles, W. S.
(1982). Color science: Concepts
and methods, quantitative data and
formulae (2nd ed.). New York:
Wiley.

Cross References

1.102 Spectral distribution of ra-
diant energy;

1.109 Photometric techniques for
measuring spectral sensitivity;

1.302 Spectral sensitivity;

Handbook of perception and
human performance, Ch. 8,
Sect. 2.3



1.1 Measurement of Light
1.111 Luminous Efficiency: Effect of Pupil Entry Angle
Key Terms

Brightness; effective pupil area; luminosity; luminous effi-

ciency; Stiles-Crawford effect

General Description

In phetopic (cone) vision, the apparent brightness (lumi-
nous efficiency) of a narrow beam of light entering near
the edge of an observer’s pupil is less than when it passes
through the center of the pupil (Fig. 1). This phenomenon is
known as the Stiles-Crawford effect. Figure 2 shows how
relative luminous efficiency decreases as rays of light enter
the eye increasingly further from the center of the pupil.
Because of this effect, the apparent brightness of an
object is not simply proportional to the area of the pupil
through which the light has passed. Figure 3 shows the rela-
tionship between the effective pupil area (i.e., pupil area
corrected for the Stiles-Crawford effect) and the true pupil
area. The effective pupil-true pupil area relationship is ex-
pressed as the effectivity ratio, which decreases as pupil
diameter increases. To correct for the Stiles-Crawford phe-
nomenon, effective, rather than true, pupil area is used to
calculate retinal illuminance. To determine effective pupil
area, calculate the effectivity ratio:

Effectivity Ratio = 1 — 0.01064% + 0.00004194%, (1)

where d is the true pupil diameter in millimeters.

Applications

Prevention of measurement error or loss of precision in op-
tical devices, such as telescopes and photometric instru-
ments, and in other situations where direct view (Max-
wellian view) is used. Correction of visual brightness
measurements for pupil diameter should include the Stiles-
Crawford calculation, when relevant.

Methods

Test Conditions

¢ Circular, uniformly illuminated
fixation field with angular diameter
of 1 deg; image centered on view-
er's chemically dilated pupil;
monocular viewing; unused eye
occluded; head constrained by
biteplate; room darkened

® Fixed beam image with 0.75-mm
diameter, vanable beam image
with 0.5-mm diameter; beams set
to enter eye in parallel through a
system of prisms, lenses, and a
plain glass mirror; variable light
beam presented in ~ I-mm steps
along horizontal and vertical axes
through center of pupil

¢ Fixed and adjustable-brightness
light beam images presented to
one eye; retinal illuminance

(45 trolands) equivalent to external
brightness of 0.56 ¢d/m? viewed
through a 3-mm diameter aperture
(artificial pupil); color temperature
~2300 deg (absolute)

Experimental Procedure

¢ Equality-of-brightness matches
of fixed and vanable beams using
method of adjustment of flicker
fusion

¢ Independent variable: point of
pupil entry of variable light beam
e Dependent variable: luminance
at which variable light beam ap-
peared equal in brightness to
fixed beam

* Observer's task: adjust rate of
flicker until fixed and variable
beam images appeared fused into
single, evenly bright image

Figure 1.

Identical light rays, A and B, enter the eye at the
same angle and fail on the same retinal polint. A, entering
at the center of the pupil, Is percelved as being brighter
than B, which enters at the periphery of the pupll. (From
Ref. 5)
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Figure 2. Typical Stlles-Crawford effect for light reception
in the fovea of the eye. Shown Is the relative luminous effl-
clency of a narrow bundle of light rays entering the eye
away from the center of the pupll along the horizontal me-
ridlan at the distance shown. (Actual values may differ from
observer to observer.) (From Ref. 6)

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

e Apparent brightness (luminous efficiency) of a beam of
light decreases as point of entry of the beam moves away
from the pupil center either vertically or horizontally.
Brightness near the periphery of the pupil falls to ~21-33%
of the brightness at the center, depending upon subject, me-
ridian orientation, and meridian extreme (Fig. 2).

e Point of greatest apparent brightness (efficiency) does not
necessarily coincide exactly with center of pupil but varies
with subject and meridian orientation (Fig. 2).

Variability
Measurements repeated after 6 weeks show significant
curve shape difference for one observer but no significant
change for another. Retinal location of curve peak differs
for horizontal and vertical meridia of one subject. Minimum
of nasal and temporal extremes differ by ~20% for one ob-
server with eccentric pupil opening relative to outer edge of
iris; nasal-temporal extreme values differ by ~10% for an-
other observer, upper-lower extremes differ by ~15%.
Shapes of vertical and horizontal meridian curves are
similar across observers. Location of point of maximum
value along axis varies among observers. Minimum values
vary among observers, ranging from ~20% to one-third or
more of maximum values.

Repeatability/Comparison with Other Studies

Results were confirmed in a second experiment using direct
equality-of-brightness matches of a divided circular target
field for one set of measurements for 1 observer. Computed
relative luminous efficiencies for overall pupil areas, using
data from above studies, were checked by a third experi-
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Figure 3. Relationship between actuai pupii area (ieft ordi-
nate scaie) and effective pupii area for increasing pupii di-
ameter. Effectivity ratio (of true to effective pupll area)
caicuiated according to Eq. 1 is also shown (right ordinate
scaie). (From Ref. 4)

ment obtaining equality-of-brightness matches for two con-
centric rings of light at 12 apertures, from 0.75-6.25 mm.
Data (adapted in Fig. 3) confirm calculated predicted
changes of effective pupil area with change in true pupil
area, indicating that changes are due to varying contribu-
tions of light rays entering the pupil at different points.

Constraints

e Because the Stiles-Crawford decrease in sensitivity oc-
curs only for the cones and not for the rods, correction for it
is necessary only when cone (color) vision is involved.

¢ To minimize error, for measurements using direct (Max-
wellian) view, the viewing aperture (artificial pupil) of in-
strumentation must be carefully centered with the observer’s
natural pupil.

e Similar functions apply to other meridia.
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1.2 Optics of the Eye

1.201 Anatomy of the Human Eye

Key Terms

Cornea; eye focus; eyeball; fovea; lens; macula lutea; ocular
media; refraction; retina

General Description

The anatomical structure of the eye is roughly analogous to
the optical imaging apparatus of a camera. The eye focuses
rays of light from objects in the visual field so that a reason-
ably accurate, integrated image forms at the back of the eye,
on the retina. The eyes of young adults with normal vision
differ little from one another.

The eye is nearly spherical, with a diameter of 20-25 mm.

It is surrounded by two membranes: the cornea, which
covers the front surface of the eye; and the sclera, which
joins the cornea and completely encloses the rest of the eye.
The retina lines the back wall of the eye and contains photo-
receptors, an elaborate network of nervous tissue, and blood
vessels.

The cornea covering the front of the eyeball is strongly
curved and clear. Behind it is the anterior chamber, which
contains a nutrient- and oxygen-carrying liquid called the
aqueous humor. The cornea and the aqueous humor consti-
tute a strong, fixed-focus lens system that provides about
two-thirds of the total refractive or focusing power of the
eye.
Behind the anterior chamber is an elastic lens whose
thickness (and hence focusing power) is under nervous and
muscular control. After the cornea, the much-weaker lens
contributes most of the focusing power of the eye. Because
of the variable refractive power of the lens (accomplished
through changes in its shape and thickness referred to as ac-
commodation), the lens permits the eye to remain in good
focus for objects at different distances (CRef. 1.222). The
lens contains a slightly yellowish pigmentation which re-
duces transmission of light at the short-wavelength (ultravi-
olet) end of the visible spectrum. This pigmentation
increases slightly with age.

Light enters the eye at the cornea and passes through the
pupil, an aperture formed by the iris. The light then passes
through the lens and is brought to a focus on the retina.
After the light from the imaged object has passed through
the network of nerve fibers and blood vessels that form the
front layers of the retina, it reaches the photoreceptors, the
rods and cones, and the optical image formed on the retina
is transduced into nervous impulses. Rods are responsible
for night vision and cones for vision in daylight. The 120
million rods contain the pigment rhodopsin; cones, which
mediate color vision, contain one of three different pig-
ments, each of which shows maximum light absorption at a
slightly different wavelength. There are approximately
seven million cones.

Behind the retinal receptors are the pigment epithelium
and the choroid coat. The choroid coat contains a network
of blood vessels and is the first layer inside the sclera. The
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Figure 1. Horizontal section of the right human eye.
(From Ref. 1)

epithelium and the blood vessels of the choroid coat reflect
light of predominantly long wavelengths back to the recep-
tors, reducing the amount of backscatter within the eye. All
of the photoreceptors are ultimately connected to the opric
nerve, which carries information about the image to the
brain. The optic nerve joins the retina at the opric disc.
There are no photoreceptors at this location, so it is known
as the blind spot. The observer is aware of this blind spot
only under special conditions, however.

For most purposes, it may be assumed that the retina is
circularly organized around the macula lutea, a circular area
covering 2-3 mm in diameter (equivalent to 5-10 deg of vi-
sual angle) and marked by yellow pigment. The macula in-
cludes the fovea, a central depression in which visual acuity
is greatest. Covering only 1-2 deg arc, the fovea contains
the eye’s greatest concentration of cones, but no rods.
Nerves and blood vessels skirt the fovea, allowing direct
access of light to its receptors. Outside the fovea, rods are
mixed with cones; the density of cones decreases rapidly
with distance from the fovea, while the density of rods first
increases, then decreases again at the extreme periphery of
the retina.

Boff, K. R., & Lincoln, J. E. En ineen'ngvData Compendium: Human
Perception and Performance. AAMRL, Wright-Palterson AFB, OH, 1988.
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1.2 Optics of the Eye
1.202 Transmissivity of the Ocular Media
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Figure 1. Best current estimates of the amount of iight
transmitted by the ocuiar media as a function of wave-
iength. (From Ref. 2)

Figure 2. Density of the macuiar pigment as a function of
waveiength. Light reaching the retina in the vicinity of the
foveais absorbed according to this curve. (From Ref. 6)

Key Terms

Macula lutea; ocular media; ocular transmissivity; spectral
transmittance

General Description

In the eye, light must pass through several structures before
reaching the layer of photoreceptors; consequently, light
does not impinge on the photoreceptors in exactly the same
state as it entered the eye. A large amount of light is scat-
tered as it enters the eye and therefore does not reach the
retina. Some light is absorbed by the cornea, lens, and
aqueous and vitreous humors. More light is absorbed by
the outer layers of the retina; light must pass through several
layers of retina containing light-absorbing pigments before
it reaches the layer containing the photoreceptors. Both the
scattering and absorption of light vary with wavelength.
An observer’s eye moves to center the image of interest
on the fovea. The fovea itself is centered within the macula
lutea, which covers an area approximately 5 deg in diame-
ter. The macula contains a yellowish pigment that removes
some of the light passing through to the photoreceptors. It
absorbs different wavelengths at different rates, and thus

affects the sensitivity of the eye to different wavelengths.
Energy losses within the eye must be considered when
determining the amount of light actually stimulating the
photoreceptors. Figure 1 shows the best current estimate of
the transmissivity of the ocular media as a function of wave-
length; this is an estimate of thc total transmission of light to
all of the retina. Because scattering is a function of wave-
length, the light in the focal image will not have thc same
spectral composition as the light rcaching the retina. Figurc
2 shows the density of the macular pigment as a function of
wavelength. Light reaching the retina in the macular region
1s absorbed according to this curve.

Table ! provides estimates of thc proportion of light that
is transmitted to the photoreceptors in the fovea as a func-
tion of wavelength. Column 2 shows transmissivity of the
ocular media, not including the macular absorption of light.
Column 3 shows macular transmission. Column 4 gives the
product of the first two columns as an estimate of total
transmissivity to the photoreceptors.

Applications

It is necessary to know ocular light transmissivity to mea-
sure the distribution of light at the photoreceptors. Specifi-
cation of how much light of a given wavelength is required

for a particular visual response also requires a mcasure of
ocular transmissivity as a function of wavelength. Light ab-
sorption by the macula lutea causes differences in color
matching between the fovea and the periphery of the retina.
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Table 1. Spectral transmittance of ocular media. (From Ref. 4)

Spectrai
Transmittance Spectrai
of Cornea, Spectrai Transmittance
Lens, and internai of Ocuiar
Aqueous and Transmittance Media
Waveiength Vitreous Humors of Macuia inciuding the
(mm) (Ref. 2) Lutea (Ref. 4) Macuia Lutea
360 0.052* 0.859 0.045
370 0.056* 0.826 0.046
380 0.062* 0.762 0.047
390 0.069" 0.695 0.048
400 0.086 0.577 0.050
410 0.106 0.506 0.054
420 0.160 0.396 0.063
430 0.248 0.316 0.078
440 0.318 0.305 0.097
450 0.388 0.212 0.082
460 0.426 0.206 0.088
470 0.438 0.299 0.131
480 0.458 0.250 0.115
490 0.481 0.263 0.126
500 0.495 0.516 0.256
510 0.510 0.798 0.407
520 0.525 0.935 0.491
530 0.543 0.968 0.526
540 0.559 0.977 0.546
550 0.566 0.985 0.557
560 0.572 0.989 0.566
570 0.583 0.989 0.577
580 0.594 0.989 0.587
590 0.602 0.989 0.595
600 0.610 1.000 0.603
610 0.619 1.000 0.619
620 0.631 1.000 0.631
630 0.641 1.000 0.641
640 0.649 1.000 0.649
650 0.657 1.000 0.657
660 0.664 1.000 0.664
670 0.676 1.000 0.676
680 0.690 1.000 0.690
690 0.698 1.000 0.698
700 0.705 1.000 0.705
710 0.707 1.000 0.707
720 0.708 1.000 0.708
730 0.710 1.000 0.710
740 0.711 1.000 0.711
750 0.713 1.000 0.713
Note: Column 4 is the product of Columns 2 and 3. The data in the table were obtained from direct measurement on the
eyes of deceased persons.
* Extrapolated
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1.2 Optics of the Eye

1.203 The Eye as an Optical Instrument

Key Terms

Comea; eye focus; lens; pupil; retinal imagc; visual image

General Description

The eye is a light-sensing device that supplies the observer
with information about the external world. The optical
system of the eye bends or refracts light rays from objects in
space and forms real images of the objects on the retina at
the back of the eyeball. The images formed by the eye are
inverted and left-right reversed, as well as curved in con-
formity with the curvature of the retina. Figure 1 shows in
simplified form the eye forming an image of a distant point
object. The eye is sometimes compared with a camera in its
ability to focus light on a photosensitive surface (see Table
1); however, it should be kept in mind that, while photo-
graphic film is a passive chemical system, the retina is an
active and interactive system containing a complex network
of interconnected neural structures.

The optical system of the eye is quite complex. Incom-
ing light first strikes the cornea, the highly curved front sur-
face of the eyeball. Behind the cornea is the iris of the eye
(not shown in figure), at the center of which is the pupil
opening.

Behind the pupil is the crystalline lens. The crystalline
lens is an elastic, double-convex lens whose rear surface
curves more sharply than its front surface. The crystalline
lens is composed of layers of fibrous material and is harder
in the center than toward the edges. The refractivc index of
the lens is greatest in the center and decreases toward the
edges. The lens is surrounded by the ciliary muscle. Con-
traction of this muscle changes the curvaturc and thickness
of the lens, thereby altering the total refractive power (focal
length) of the eye.

Unlike the lens systems in most man-made optical in-
struments, the eye contains no air spaces. The front cham-
ber between the cornea and the lens is filled with the
aqueous humor, a weak salt solution. The larger chamber
behind the lens is filled with vitreous humor, a thin, jelly-
like substance. Both the aqueous and vitreous humors have
an index of refraction of ~1.336, close to that of water.

The comea and the crystalline lens together provide the
refractive or focusing power of the eye. The average human
eye has a focal length of ~60 diopters (16.7 mm) when fo-
cused for distant objects and 69.4 diopters (14.4 mm) when
focused for extremely close objects. Thus, eye focal length
changes by ~17 percent in changing focus from distant to
very close objects. At all distances, the cornea contributes
43.08 diopters (roughly two-thirds) of the eye’s total refrac-
tive power. The focal length of the crystalline lens is short-
est and its refractive power greatest for objects at very close

Light from
distant object

Figure 1. Schematic iliustration of the formation on the
retina of the image of a distant point source of iight. (From
Ref. 1)

distances. At near distances, the lens contributes ~38 per-
cent of the total refractive power of the eye. The contribu-
tion of the lens is progressively less at longer distances.

The pupil of the eye varies in diameter from ~2-8 mm
and is largest at very low light levels. This size adjustment
yields a range of variation in retinal illuminance of ~16:1.
For far distances, where eye focal length is ~17 mm, this
range of pupil diameters yields an optical system with an f/
value of f12 to fI8 (where f/value is the ratio of clcar apcrturc
to focal length).

The image formed on thc rctina by the optical systcm of
the eye is not perfect. Because of the diffraction of light, as
well as other physical and geometric optical factors, the
image of a point of light formed on the retina by thc optics
of the eye is not in completely sharp focus, but is blurrcd
somewhat (CRef. 1.214).

As with most lens systems, the eye shows substantial
aberrations. The refractive power of the eye diffcrs for dif-
ferent wavelengths. Thus, not all wavelengths of light can
be in focus on the retina simultaneously; if the eye is in
proper focus for one wavelength, othcr wavelengths will be
blurred slightly. This is known as chromatic aberration
(CRef. 1.212). With spherical lenses, light passing through
the edges of the lens is brought to a shorter focus than light
passing through the center of the lens, leading to dcgrada-
tion of the image (spherical aberration) (CRef. 1.211). As
with most optical systems, spherical aberration in the eye
is reduced by decreasing the pupil (aperture) size. When
pupils are small (3-4 mm), spherical aberration has littlc
effect upon visual acuity; however, when the pupil opens
wider, as in dim light, spherical aberration can reduce vi-
sual resolution. For reasons that are not well understood,
the eye’s appreciable chromatic aberration does not reduce
visual acuity.

Boff, K. R., & Lincoln, J. E. Engineering Data Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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Table 1. Comparison between camera and eye.

Parts and Functions Camera Eye

Image forming device Lens System of optical struc-
tures (primarily cornea
and crystalline lens

Focal length Fixed* Variable

Method of focus Movement of lens Alteration of focal
length

Means of focus change Operator or automatic ~ Automatic, uncon-
scious control

Image surface Flat Highly curved

Image illuminance control Diaphragm Iris

Photosensitive element

Photographic film

Retinal receptors

Response control

Diaphragm, shutter

Iris, retinal adaptation

Sensitivity of photosensitive element Fixed Varnable

Dynamic range of photosensitive element

Instantaneous Small Large
Long-Term Small Extremely Large
Optical Aberrations Small Large

Space behind lens Air Fluid

*Not including zoom lenses
b TR T S S WY A IR TR T S e o 0 R S S &1

Constraints

e Comparison between eye and camera are simplifications
for tutorial purposes.

Key References 2. Westheimer, G. (1972). Optical
Properties of Vertebrate Eyes. In

1. Farrell, R. J., & Booth, J. M. M. G. F. Fuortes, (Ed.), Handbook

(1984). Design handbook for im- of sensory physiology. Vol. V1I/2.

agery interpretation equipment. Physiology of photoreceptor or-

Seattle, WA: Boeing Aerospace gans. Berlin: Springer-Verlag.

Co.

Cross References 1.210 Optical constants of the eye;

1.201 Anatomy of the human eye; b-2linpbarisalebacialhion;

1.206 Effect of lenses on the visual 212 Sl htomsioalremtion;

image; 1.214 The point-spread function of

1.209 Visual optics; the eye
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1.2 Optics of the Eye

1.204 Spherical Refractive Errors

(a)

(b)

Figure 1.

Refraction of iight by the eye. (a) normai (emmetropic) eye; (b) farsighted

(hyperopic) eye; (c) nearsighted (myopic) eye; (1 = retina; 2 = focal point; 3 = iens;

4 = incoming iight). (From Ref. 3)

Key Terms

Ametropia; emmetropia; eye focus; farsightedness; focus
defect; hyperopia; myopia; nearsightedness; refraction; reti-
nal image; spherical refractive error; visual image

General Description

The curvature of the lens of the eye changes automatically
in response to objects viewed at different distances, increas-
ing or reducing the total refractive power of the eye so that
the image of the object comes to a sharp focus on the retina.

In a person with normal refraction (known as an emme-
trope), focus is adequate for all normal viewing distances.
In some individuals, however, the shape of the eyeball pre-
vents the lens from bringing the image into proper focus on
the retina. In nearsightedness (myopia), the eyeball is
elongated so that the image of a distant object comes into
focus in front of the retina, and the image that falls on the
retina itself is blurred (Fig. 1¢). As the object is moved
closer to the eye, the plane of focus moves nearer to the ret-
ina until, at some close distance, the image is in sharp focus
on the retina. Thus, nearsighted persons can see only nearby
objects sharply.

40

When the eyeball is too short for its refracting power
(Fig. 1b), the image of a far object is brought into focus at
a distance that would put it behind the retina, a condition
known as farsightedness (hyperopia). Most young people
who are farsighted are able to overcome this focus error by
bulging the lenses to increase the eye’s refractive power and
bring the image into proper focus. As the lens stiffens with
age, curvature cannot be changed enough to completely ac-
commodate; farsighted people cannot see distant objects
clearly as they get older. Stiffening of the lens also prevents
appropriate adjustments of curvature when an object is
moved closer, resulting in blurred images. For this reason,
both farsighted people and those of normal vision need
glasses for reading and viewing nearby objects when they
grow older.

Both types of refractive error can be corrected with rela-
tively simple (spherical) lenses.

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

Refractive error should be considered in the design of opti-
cal equipment; a range of focus adjustment and an eye
clearance distance should be provided to accommodate
operators who wear glasses.

Key References 2. Davson, H. (in press). The eye:
Visual optics & optical space

1. Comsweet, T. N. (1970). Visual  sense. (Vol. 4, 2nd ed.). New
perception. New York: Academic York: Academic Press.
Press.

3. Wybum, G. M., Pickford,

R. W., & Hirst, R. J. (1964). In

G. M. Wybum (Ed.), Human sen-
ses and perception. London: Oliver
& Boyd.
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1.2 Optics of the Eye

1.205 Astigmatism

Figure 1. Aray pattern In which the variable appearance of
rays demonstrates the effects of astigmatism. (From Ref. 1)

Key Terms

Anisotropia; astigmatism; declination error; eye focus; re-
fraction; retinal image; visual image

Figure 2. incilnation of the objective verticai by an oblique
astigmatic iens. if an observer wearing a compound astig-
matic lens views a square aligned with the principal axes of
astigmatism, It will appear as a rectangle. A line In the fron-
toparallel plane that Is not In one of the principal meridians
will appear rotated through an angle d, called the declina-
tion error. (From Handbook of perception and human
performance)

General Description

The optics of the typical human eye are anisotropic, that

is, the optical power differs depending on orientation. A
barrel-shaped distortion of the surface of the corea (i.e.,

a cylindrical distortion of the normally spherical surface)
produces the refractive error known as astigmatism. In as-
tigmatism, a bar of light in, for example, a horizontal orien-
tation would be brought to a different focus than a bar in a
vertical orientation. Most human eyes have some degree of
astigmatism.

Figure | contains a ray pattern that can demonstrate the
effect of astigmatism. If one eye is fixated on the center of
the pattern, some lines will probably appear darker and
sharper than others. The dimmer lines are brought to a focus
either in front of or behind the retina, due to greater or lesser
optical power in that orientation.

In the normal eye, the image of a point source of light is
not a point but a blur patch (CRef. 1.211). This blur patch
is an ellipsoid in the astigmatic eye. If the point of light is
brought to focus in front of the retina, the ellipsoid will have
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a horizontal orientation and horizontal lines will be most
sharply imaged. If the point of light would be brought to
focus behind the retina (if the retina did not block the light),
the ellipsoid would have a vertical orientation and vertical
lines would be most sharply imaged.

Regular astigmatism can be characterized by the refrac-
tive state of two meridians at right angles. As shown in
Fig. 2, a square aligned with these two meridians will be
imaged as a rectangle. The length of the sides of the rec-
tangle depends on the magnification of the eye in each of
these meridians. When the magnification is m in one of the
meridians and m’ in the other, one side of the rectangle will
be (m' — m) times longer than the other. A diagonal drawn
through the original square will still connect oppositc cor-
ners of the rectangle but it will no longer make a 45 deg
angle with the principal meridians. Instead, it will appear
rotated through an angle with a tangent equal to m'/m. This
is termed the declination error. Thus astigmatism changes
the apparent orientation of lines that are not one of the prin-
cipal meridians.

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

Astigmatism in an uncorrected, regular astigmat is gen-
erally measured by determining the refractive strength of
the eye with a combination of an ordinary, spherical lens,
and a cylindrical lens whose cylinder axis is oriented at an
angle to the spherical lens (usually at a right angle). To
specify the astigmatism, one usually states the spherical re-
fractive error in one of the meridians, plus the difference in

refractive errors between the two meridians, specifying the
orientation of the second meridian. The effects of an astig-
matic lens can be specified similarly. This allows descrip-
tion of images on the retina and construction of corrective
lenses whose cylindrical distortion counteracts that of the
eye’s optical system. Unlike spherical aberrations, for
which the eye is equipped to correct, astigmatism can only
be corrected with lenses.

Constraints

® Because of the declination error, when astigmatic specta-
cle corrections are unequal for the two eyes, serious distor-
tions of binocular depth perception can result (CRef.
5.908).

e Astigmatism may vary with the amplitude of
accommodation (eye focus).

Key References

1. Comsweet, T. N. (1970). Visual
perception. New York: Academic
Press.

2. Kaufman, L. (1974). Sight and
mind. New York: Oxford Univer-
sily Press.

5.908 Retinal image disparily due
lo image rolalion in one eye;

Cross References
1.204 Spherical refraclive errors; Handbook of perception and
human performance, Ch. 4,
Secl. 1.8

1.211 Spherical aberralion;

1.221 Image quality and depth of
focus;



1.2 Optics of the Eye

1.206 Effect of Lenses on the Visual Image

Key Terms

Lens; refraction; retinal image; visual image

General Description

Corrective lenses bring a blurred image into focus on the
observer’s retina by counteracting errors in the eye’s optical
system. A corrective lens, however, has an additional ef-
fect: to change the angle subtended by the object at the eye’s
entrance pupil, causing an observer to err in judgments of a
target’s location or size. For example, bifocal lenses cause
difficulty when one walks on stairs, because a positive lens
(i.e., the type used to correct hyperopia, or farsightedness)
increases the apparent size (thus decreasing apparent dis-
tance) of an object by increasing the size of its retinal
image. Similarly, a negative lens (used to correct myopia,
or nearsightedness) decreases an object’s apparent size and
increases apparent distance. These effects occur only when
the line of sight is not along the optical axis of the lens.
Figure | shows how an object at optical infinity, sub-
tending a given angle 0, will, when viewed through a lens,
actually subtend a different angle 8", which would normally
be associated with a larger object. Equations | and 2 specify
the relative magnification of the image for targets at optical
infinity and at some finite distance (in meters), respectively:

m = 1/(1 —hF) (1)
m = L/L(I—hF) + h*F] 2)

where m (equal to 0°/8, with the angles depicted in Fig. 1) is
the change in the target’s angular subtense, L is the distance
of the target in front of the eye, 4 1s the distance between the
lens and the center of the entrance pupil of the eye (usually
taken as 0.017 m), and F is the power of the lens in diopters
(all distances are represented in meters). Thus, at optical in-
finity, a 6-diopter lens will cause a ~11% size change. For
nearby targets, the distance to the object becomes critical.
In addition, for close targets, the eye’s natural lens adjusts
to the distance to the target. At optical infinity, Egs. | and 2
are equivalent.

These equations specify the size of the retinal image of
an object seen through a lens compared to the size of the
image when the object is not viewed through the lens. They
are valid even in the presence of image blur because they
are derived for chief rays (i.e., the center of the eye’s en-
trance pupil is used as the reference point).

A target point situated on the optical axis of the lens will
be seen in the original direction when viewed through the
lens (provided the axis of the lens is aligned with the line of

e —

Figure 1. Path of iight rays of a target at opticai infinity.
Without the iens, the image subtends angie 6. When viewed
through a positive lens, the image subtends aiarger angie
0’. This couid iead to the interpretation that the target is
larger than it actuaily Is. The reiationship between specta-
cie magnification (m = 6'/0), iens power (F), and the dis-
tance between the iens and the eye (h) is given in Eq. 1.
(From Ref. 1)

sight). Equations 1 and 2 can also bc uscd to specify in an-
gular units the location of object point that is not on the op-
tical axis of the lens. Assume that a target point is located so
that the line joining it to the center of the entrance pupil
makes an angle 8 with the optical axis of the lens. Then,
when seen through the lens, the object will be at the angle
mo.

The same equations can also be used to specify the angle
through which the eye must be rotated in order to bring an
object in the periphery of the visual field to the fovea of the
eye. In this case, however, the center of rotation of the eye
must be substituted for the eye entrance pupil to determine
the value of 4 in the equations. The center of the axis of ro-
tation of the eye is usually about 10 mm behind the entrance
pupil. Because of this increase in A, the value of m is
changed substantially. Thus, the effects of a lens are more
prominent with respect to the change in the eye movements
that must be made to fixate on an eccentric target.

Boff, K. R., & Lincoln, J. E. En ineen'ngvData Compendium: Human
Perception and Performance. AAMRL, Wright-Patlerson AFB, OH, 1988.
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Applications

When an observer wears corrective lenses, there may be
some distortion of a target’s apparent size or location. The
problem can be acute when the observer needs to respond to
atarget that initially appears in the retinal periphery.

Constraints

e Other characteristics of lenses, such as spherical aberra-
tion (CRef. 1.211) and chromatic aberration (CRef. 1.212),
must also be considered.

Key References (Eds.), Handbook of perception

and human performance: Vol. I.
1. Westheimer, G. (1986). The eye  Sensory processes and perception.
as an optical instrument. In K. R. New York: Wiley.
Boff, L. Kaufman, & J. P. Thomas

Cross References 1.211 Spherical aberration;
: i ic aberration;
201 Arnalamsia e Kinkimegies 1.212 Axial chromatic aberration

.222 Visual odati
1.203 The eye as an optical el

instrument;
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1.2 Optics of the Eye

1.207 Eye Center of Rotation and Rotation Limits

Key Terms

Eye rotation; viewing eomfort; vignetting

General Description

The eenter of rotation of the eye is located ~ 13 mm behind
the front surface of the cornea (Ref. 2). For normal, un-
aided viewing, the eomfort limit for eye rotation from
straight ahead is ~40 deg; however, observers may avoid
approaching this limit by rotating the head. When an optieal
aid such as a monocular telescope is used, head rotation is
virtually eliminated, and eonsequently the size of the useful
visual field may be at least partially determined by the eom-
fort limit of rotation. The comfort limit for rotation for a
monocular teleseope with an apparent ficld of view of

85 deg is 30 deg. Before this limit is reached, light rays

at certain angles of ineidenec will be prevented from enter-
ing the pupil (unless the exit pupil of the instrument is ap-
preciably larger than the eye pupil); this condition is

known as vignetting. Vignetting reduccs retinal illumi-
nance. Up to 55% vignetting generally goes unnotieed

by observers.

Applications

Development of optical aids, especially when head move-
ment of an observer using such a deviee is not possible.

40°

"‘\300
Comfort limit
for unaided
viewing;
range of

4 subjects

Comfort limit
tor 85° field
monocular
telescope;

7 subjects

Center of rotation
of eye

Figure 1. Comfort limits of eye rotation for unaided and
aided viewing. (From Ref. 1)

13.5-mm exil pupil
¢ Telccentric scaling device 1o
measure eye distances

Methods

Test Conditions

o Targel was a color transparency,
content not specified

e Monocular lelescope, 85-deg
apparent field of view, with

Experimental Procedure

¢ Independent variables: eye rota-
lion (in degrees), incident ray angle

(in degrees), distance from corneal
vertex to inslrument pupil (in
inches)

® Dependenl variables: amount of
vignetting, comfort of observer at
various eye rotalions

e Observer’s 1ask: nol specificd,

but probably included verbal re-
ports of amounl of discomfort and
perceived dimming of the image at
various eye rotations

o 7 observers

Experimental Results

e With viewing through a monocular telescope, eye rota-
tion >30 deg is uneomfortable but physically possiblc.

e The amount of vignetting is determined by both the inei-
dent angle of light ray and eye rotation. For example, fora
ray originating at + 30 deg, vignetting bcgins when the eye
is rotated — 11 deg and + 25 deg; total extinetion for the
same ray occurs with eye rotations of —25 deg and +40
deg. The space between the two ‘““‘beginning of vignetting "’
curves in Fig. 2 indicates an area of no vignetting. Total ex-
tinction indicates no light rays are entering the observer’s
pupil from that angle.

e Up to 55% vignetting on thc outside of the field is un-
noticed by observers; that is, such amounts of vignetting
do not produce notieeable dimming of the image.

® |n arelated experiment with unaided viewing, the eom-
fort limit of eye rotation is ~40 deg; beyond this, observers
compensate with head rotation. Most observers make thesc
movements automatieally and without awareness of them.

Variability
No information on variability was given.

Constraints

Results described should be interpreted eautiously because
of the limited amount of work in this area.
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Figure 2. Vignetting as a function of eye rotation for varying angles of incldence of light
rays and viewing distance. (Distance in diopters corresponds to the reciprocal of distance

In meters.) (From Ref. 4)

Key References

*1. Farrell, R. J., & Booth, ). M.
(1984). Design handbook for im-
agery interpretation equipment.
Seattle, WA: Boeing Aerospace
Co.

2. Fry, G. A. (1965). The eye and
vision. In R. Kingslake (Ed.), Ap-
plied optics and optical engineer-
ing, Vol. Il. New York: Academic
Press.

3. Sanders, A. (1963). The selec-
tive process in the functional visual
field. Soesterberg, The Nether-
lands: Institute for Perception,
Dutch Institute for Applied Scien-
tific Research.

4. Spiro, 1. J. (1961). Eye location
for a wide-field large-exit-pupil op-
tical system. Journal of the Optical
Society of America, 51, 103-104.

Cross References

1.960 Factors affecting coordina-
tion of head rotation and eye
movements
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1.2 Optics of the Eye

1.208 Interpupillary Distance

Key Terms

Binocular viewing; convergence; interpupillary distancc Eyes

General Description il b _

The structure of the human eye has been well documented; —

however, an individual’s eyes may differ considerably from o ine; Pll’)c on

the “‘standard eye.”” One of the variable factors is interpu- S itk

pillary distance (IPD), the distance between the centers of Eyes convergence

the eyes’ pupils. IPD ranges from 6-76 mm across individu- converged /

als. This variability should be considered in the design and =

use of binocular viewing devices such as stereoscopes, mi-

croscopes, etc. Median IPD valucs measured differ consid-

erably from one subject group to another (see Table 1). _>| I'_ —

However, a range of 50-76 mm should be adequate for most

applications. Entrance —/ \— Center of
When the eyes converge rather than look ahead in paral- pupil fotaiten

lel (as an object approaches, for example), IPD decreases as

the eye rotates about its center (see Fig. 1). The reduction

(R) of IPD with convergence can be computed by the
equation:

R = 20sin /2,

where 0 1s the convergence angle. For small convergence
angles, R = 0.1745 6 mm (where 6 1s in degrees). This for-
mula applies to ocular convergence and also to instruments
in which the eyepiece axes converge. This reduction in IPD
has important implications. A precisely set IPD for an indi-
vidual observer is essential to minimize erroneous depth ef-
fects (CRef. 5.934) when measuring color imagery with a
stereo comparator, for example. The reduction in IPD with
an eye convergence angle of 8 deg is ~ 1.4 mm. This means
that eyes with a typical (median) IPD of 63.2 mm will have
the IPD reduced to ~61.8 mm, about the 35th percentile for

Figure 1. Reduction in interpupiiiary distance with conver-
gence of the eyes. As the eyes converge, the pupiis move
toward the middie of the head, decreasing the distance be-
tween the pupils. (From Ref. 4)

Air Force flying personncl (Ref. 5).

In instrument design, a large eyepiccc diamcter may be
desirable to obtain a large apparent field of vicw and apprc-
ciable eye relief. The distance between the eycpicces may
have to be compromised between the need to accommodatc
small IPDs and the desire for large fields and eye relicf. In-
structions for adjusting the eyepiecc should bc clcar and
conspicuous, so that users will not damage equipment.

Key References

1. Damon, A., Sioudl, H. W., &
McFarland, R. A. (1966). The
human body in equipment design.
Cambridge, MA: Harvard Univer-
sily Press.

2. Damon, A., Bleibireu, H. K.,
Elliot, O., & Giles, E. (1962). Pre-
dicling somalolype from body

measurements. American Journal
of Physical Anthropology, 20, 461-
473.

3. Dreyfuss, H. (1967). Human
factors in design. New York: Whil-
ney Library of Design.

4. Farrell, R. J.. & Booth, J. M.
(1984). Design handbook for im-
agery interpretation equipment

(D180-19063-1). Seatile, WA:
Boeing Aerospace Co.

5. Hertzberg, H. T. E., Daniels,
G.S., & Churchill, E. (1954). An-
thropometry of flving personnel—
1950 (WADC-TR-52-321).
WPAFB, Ohio: Wrighi Air De-

velopment Cenler. (DTIC No.
AD047953)

6. US Army. (1962). Military
standardization handbook. Optical
design (MIL-HDBK-141). (Army
Contract No. DA-36-038-ORD-
20690). Washinglon, DC: Depart-
ment of Defense.

Cross References

1.808 Convergence angle;
5.934 Color slereopsis
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Table 1. Interpupillary distance (in millimeters) for different groups, based on
observations taken from military personnel in the Air Force, Army, and Marines.

Percentlle
Rank
Number
Group In Sample 5 50 95 SD Ref.
[ ] EEE—— O T [ o ] EE— ]
Aviators 4057 57.7 53.2 69.6 3.6
Army drivers 431 54.1 58.9 64.0 3.0
(white)
Army drivers 79 57.9 62.0 711 3.8 2
(black)
Females” NA — 63.5 — — 3
Army & Air Force 3205 51.0 — 65.0 —
(females)
Image 61 = 64.9 == —
interpreters**

SD = standard deviation of measurement within the group

* The 2.5 and 97.5 percentiles were 53.3 and 71.1, respectively.

** The 2.5 and 97.5 percentiles were 58.4 and 71 .4, respectively.

*** Data collected by military technicians on image interpreters in 1975; reported in Ref. 4.

49



1.2 Optics of the Eye

1.209 Visual Optics
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Figure 1. Schematic representation of the formation of an

Image of a nearby object by the eye. (From Ref. 3)

Key Terms

Entrance pupil; exit pupil; eye focus; lens; model eye; pupil;
refraction; retinal image; schematic eye; visual image

General Description

The optical system of the eye is a positive lens system that
forms real images (which are inverted and left-right re-
versed) on the retina at the back of the eye. The primary
optical components of the eye are the cornea, which consti-
tutes the highly curved front surface of the eye, and the
crystalline lens immediately behind the pupil. Focusing to
form sharp images on the retina is accomplished by auto-
matic changes in the focal length of the lens, under involun-
tary muscular control (CRef. 1.222).

Since the optical elements of the eye have appreciable
thickness, the optics constitute a thick lens with two princi-
pal points. Any ray of light entering through the first (front)
principal point exits at the second (rear) principal point in a
direction parallel to the entering direction and aiming to-
ward the retina. Figure 1 shows in a schematic way the for-
mation of an image on the retina. The optical system of the
eye is bounded by two different media with different refrac-
tive indices: air in the front, and the jellylike vitreous
humor, with a refractive index of 1.336, in the back. This
causes the principal points to be displaced toward the cornea
from the nodal points. It also causes the eye to have two un-
equal focal lengths, making it an unequifocal system. The
principal points, not the nodal points, are used in measuring
equivalent focal length and conjugate object-image dis-
tances in unequifocal systems.
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Filgure 2. Parameters for three different schematic eyes:
the Gulistrand No. 2 eye, the Ogle schematic eye, and the
MIL-141 schematic eye. The Ogle and MIL-141 models are
for unaccommodated or far vislon (Infinity); the Gullstrand
eye provides vaiues for two focus distances, infinity and a
near distance of 8.6 diopters (11.6 cm). (From Ref. 3)
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Visual Acquisition of Information 1.0

The Model or Schematic Eye

Due to the inhomogeneities of the eye and the asphericity of
some surfaces, no system of spherical refracting surfaces
can exactly represent the optics of the eye. However, to a
first approximation, the optical system of the eye can be re-
garded as a series of spherical refracting surfaces whose
centers of curvature lie on a straight line. The refractive in-
dices, radii of curvature, thicknesses, and distances of these
refractive surfaces determine retinal image formation.
While these parameters differ for individual eyes, sets of *
average values have been worked out that closely simulate
the optical system of the human eye and are adequate for
most purposes. Such a system constitutes a representa-
tional, schematic, or theoretical (model) eye. Three such
models used frequently are those devised by Gullstrand
(Ref. 1) and by Ogle (Ref. 4), and the schematic eye ap-
pearing in the Military Standardization Handbook (MIL-
HDBK-141) (Ref. 4). The parameters for these schematic
eyes are given in Fig. 2. (For more detailed version of the
MIL-141 eye incorporating complete optical and anatomical
specifications, CRef. 1.210.) The Gullstrand eye is one of
the earlier versions and is the most commonly used. The
model devised by Ogle was an attempt to update the sche-
matic eye using more current data. Note that overall refrac-
tive power is different for the three model eyes, but all
values are close to 17 mm (58.82 diopters) for the unaccom-
modated eye (far vision). Some common values in the liter-
ature are 58.95, 59.93, and 58.37 diopters, corresponding
to focal lengths of 16.97, 17.05 and 17.13 mm,
respectively.

Reduced Eye

For computational purposes, it is frequently convenient to
use as a model a simplified or reduced eye in which a single
hypothetical refracting surface is substituted for the several
real refractive surfaces of the eye. This substitution is possi-
ble because the principal planes of the eye (H and H') are
very close together (0.28 mm in the Gullstrand model eye
accommodated for infinity). In the reduced eye, the single
refracting surface is midway between the two principal
planes, the center of curvature is midway between the two
nodal points (N and N'), and the appropriate refractive
index for the fluid behind the refracting surface is calcu-
lated. Two versions of reduced eyes are shown in Fig. 3. In
the Emsley version (Ref. 2), the imaginary refracting sur-
face is 1.67 mm behind the front surface of the cornea, and
has a radius of 5.55 mm and a refracting power of + 60
diopters (D). In the Ogle reduced model, the refracting sur-
face is coincident with the cornea, the radius is 5.6 mm, and
the refracting power is 58.8.

Entrance and Exit Pupils

Light is admitted into the eye through the pupil, a round ap-
erture in the center of the iris. It is the entrance pupil of the
eye, not the real (physical) pupil, however, which limits the
bundle of rays that enters the eye. The entrance pupil of the
eye is the image of the real pupil formed by the cornea. The
entrance pupil is the pupil we see when looking into another
person’s eye. The entrance pupil is larger and closer to the
cornea than the real pupil. The real pupil is 3.6 mm behind
the front surface of the cornea, while the entrance pupil
formed by corneal refraction is 3.05 mm from the cornea
and 0.55 mm in front of the iris or real pupil for an eye fo-
cused to infinity. Because of corneal magnification, the en-
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(all distances in millimeters)

Figure 3. Parameters for two different reduced eyes; the
Emsley 60-dlopter eye (Ref. 8) and the Ogle 17-mm eye. F, F’
focal points; H = principal plane; N = nodal point (Ref. 9).
(From Ref. 3)

trance pupil is larger than the real pupil by a factor of 1.15.
Knowing the location and size of the entrance pupil makes it
unnecessary to trace light rays through the cornea and
aqueous humor to see if the pupil admits them. To avoid
light loss in instrument viewing, the entrance pupil of the
eye should be placed at the exit pupil of instruments that
have them.

The eye also has an exit pupil, which is the image of the
real pupil formed by the crystalline lens when light is re-
flected back toward the outside of the retina. In the average
eye, the exit pupil is 1.03 times as large as the real pupil and
0.08 mm behind it. The exit pupil is 3.68 mm behind thc
front surface of the cornea and 20.3 mm in front of the rct-
ina. The relative positions and sizes of the entrance and exit
pupils are shown in Fig. 4.

Optical, Visual, and Pupillary Axes of the Eye

The visual axis of the eye is the line of regard or line of fixa-
tion connecting the midpoint of the visual field (or point
being fixated) to the center of the fovea, the retinal region
where acuity is highest. The optical axis of an optical
system is the axis drawn through the centers of curvaturc of
the optical surfaces of the elements comprising the system.
In the eye, these are the front and back surfaces of the cor-
nea and the front and back surfaces of the crystalline lens.
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Figure 4. Relative positions and sizes of the real pupil, en-
trance pupil, and exit pupil of the eye. (From Ref. 1)

In real eyes, however, the centers of curvature of these sur-
faces do not fall on a common line; thus, the optical axis can
only be estimated. In the typical eye, the optical and visual
axes are separated by ~5 deg and cross within the crystal-
line lens. The eye is thus unique among optical instruments
containing lenses in that maximum system resolution is not
on the optical axis.

One estimate of the optical axis is the line perpendicular
to the cornea and centered in the entrance pupil of the eye.
The optical axis can also be found using a point source of
light. One sights along the beam, while moving it around,
until the reflections from all optical surfaces coincide. The
pupillary axis is found by placing a point sourcc in front of
the eye and moving it around until the image of the light
formed by reflection in the front surface of the cornea ap-
pears to lie in the center of the pupil.

The optical axis or the pupillary axis can be used to dc-
termine if an observer is accurately fixating a target, pro-
vided account is taken of the fact that the primary line of
sight is about 5 deg away from the pupillary axis.

Because of the angle between the optical axis and the vi-
sual axis, objects of different colors appcar to be at differcnt
distances. Thus, when red and green lights lie in the same
plane, most observers see the red light as nearer.

This phenomenon is known as color stereopsis (CRef.
5.934). 1t is due to the fact that all light rays that do not
enter the eye along the optic axis are deviated (bent) and
different wavelengths of light are refractcd or bent by dif-
fering amounts.

Applications

The optical parameters of the cye can be used to determine
the size and location of the retinal image of an object. For
example, the linear size, i, on the retina of the image of an
object of length L viewed at a distance U from the first prin-
cipal point of the eye can be determined using the universal
lens equation

VU + 1V = I/f, (N

where V is image distance from the second principal point
and fis overall eye focal length. Image and object sizes are
proportional to image and object distances, i.e., i/L = V/U,
from which V = U (i/L). Substituting for V in Eq. (1) and
solving for i yields

i= LU - f. (2)

As an example, Eq. (2) can be used to find the retinal image
size i of a meter stick (L. = 103 mm) at a distance of 10 m
(U = 10* mm). At 10 m, the eye is nearly unaccommo-
dated, so that f=16.78 mm. The equation yields i = (103

x 16.78)/(10* — 16.78) = 1.68 mm. Thus, a meter stick
viewed perpendicularly from 10 m has a retinal image
length of ~1.7 mm. If the meter stick is inclined from per-
pendicular by angle A, image length is i cos A.
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Calculations can be made in diopters (D) using the
standard conjugate equation

V=U+f

with all quantities measured in diopters and distances in
front of the eye taken as negative by convention. Then, for
the above example, U = —10m = —0.ID,andf =
59.59D, sothatV = —0.1D + 59.59D = 59.49D. Trans-
verse magnification, m, is

m= ViU,

thusi = (V/U) = (—0.1/59.49)(10%) = i = —1.68 mm.
(The minus sign indicates that the image is inverted relative
to the object.)

Retinal image size may also be calculated from the an-
gular subtense of the viewed object by assuming a value of
16.67 mm as the distance of the nodal point from the retina
in the typical or normal eye. Thus, if A is the angular sub-
tense of an object at the eye, its retinal image length is
16.67 tan A. In the example above, tanA = 1,000/10,000
= 0.1, so that image lengthisi = 16.67 X 0.1 = 1.67
mm. In making retinal image calculations, it must be kept in
mind that f varies with viewing distance from a maximum of
~17 mm for focus to infinity to a minimum of ~14.4 mm
for very near distances (~11 cm).

Boff, K. R., & Lincoln, J. E. En ineen‘ngvDala Compendium: Human
Perceplion and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.




Visual Acquisition of Information 1.0

Constraints

® These models are for typical healthy emmetropic eyes
(i.e., eyes with normal refraction). Any individual eye is
likely to differ somewhat from these values.

Key References

*1. Bennett, A. G., & Francis,

J. L. (1962). The eye as an optical
system. In H. Davson (Ed.), The
eye, visual optics and the optical
space sense (pp. 101-108). New
York: Academic Press.

2. Emsley, H. H. (1939). Visual
optics (2nd ed.). London: Hatton
Press.

*3. Farrell, R. J. & Booth, J. M.
(1984). Design handbook for im-
agery interpretation equipment.
Seattle, WA: Boeing Aerospace
Co.

4. Hopkins, R. E. (1962). Visual
optics. In Optical Design (MIL-
HDBK-141). Washington, DC:
Standardization Division, U. S.
Defense Supply Agency.

5. Ogle, K. N. (1979). Optics: An

introduction for ophthalmologists.

Springfield, IL: C. C. Thomas.
6. Southall, J. P. C. (1937). Intro-

duction 10 physiological optics.
New York: Dover.

7. Westheimer, G. (1972). Optical
properties of vertebrate eyes. In
M. G. F. Fuortes, (Ed.),
Handbook of sensory physi-
ology: Vol. VIII2. Physiology of
photoreceptor organs. Berlin:
Springer.

Cross References

1.201 Anatomy of the human eye;

1.203 The eye as an optical
instrument;

1.210 Optical constants of the eye;
1.222 Visual accommodation;
5.934 Color stereopsis

53



1.2 Optics of the Eye

1.210 Optical Constants of the Eye

E.
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Figure 1. Optical constants for a standard eye. All dimensions are in millimeters unless otherwise noted. n = refractive
index; D = diopter; V = vee number or Abbe constant; F,, F2 = first and second focal points. (From Ref. 2)

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



Visual Acquisition of Information 1.0

Key Terms

Aqueous humor; cornea; lens; model eye; optical constants;
refraction; schematic eye; vitreous humor

General Description

The eye is a complex organic structure that, unlike most
man-made optical devices, contains optical elements that
are neither homogeneous nor spherical. For example, the
crystalline lens is comprised of layers of organic material
with varying indices of refraction, and its center is denser
and more refractive than its periphery. The surfaces of the
optical elements of the eye are not perfectly spherical but
are somewhat flatter at the edges than at the center. The
cornea and lens have optical axes that do not quite coin-
cide, and the optical axis of the eye does not coincide with
the visual axis (the line connecting the fovea to the point of
fixation).

Despite this complexity, for practical purposes the eye
can be regarded as having four major refracting surfaces:
the front (anterior) and back (posterior) surfaces of the cor-
nea, and the front and back surfaces of the lens. These sur-
faces may be regarded as spherical, with a common axis,
and indices of refraction may be taken as constant within

any given optical element. The positions, radii of curvature,
thicknesses, and indices of refraction of the optical elements
are the optical constants of the eye. Their values determine
the positions of the entrance and exit pupils of the eye, the
principal points and nodal points of the eye’s optics, and the
retinal location and size of the focused images of objects.
The values derived for these constants are approximations
that yield an overall system similar in function to a real

eye. Different investigators have obtained values that are
slightly different, but no one set of values is clearly more
valid than the others. Figure 1 shows the optical con-

stants of a standard eye that is sometimes used in optical
design. Table | provides a set of optical parameters or
constants that is also used for computations and ray tracing.
The values in Fig. | and Table | are not the same, but will
yield similar results. (For an abbreviated version of the
standard eye schematizing the most important optical prop-
erties for practical uses, as well as similar model eyes de-
veloped by other sources, CRef. 1.209.)

Constraints

® The optical constants of the eye are approximations based
on simplifying assumptions, but are adequate for most pur-
poses. They are for an average or typical emmetropic eye
(i.e., eye with normal refraction).

Key References *2. Hopkins, R. E. (1962). Visual
optics. In Oprical design (MIL-
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Cross References

1.201 Anatomy of the human eye;

Table 1. Optical parameters of a normal human eye (From Ref. 3)

1.203 The eye as an optical
instrument;

Distance from

Visual oti Radlus of anterior sur- Refractive
1.209 Visual optics curvature Refractive faceofcornea  power
Surface (mm) index (mm) (Diopters)
Cornea 1.376
Anterior — +48.2
Posterior 0.5 -59
Aqueous humor 1.336
Lens 1.386""
Anterior 10.0° 3.6" +5.0
Posterior -6.0 7.2 +8.3
Vitreous humor 1.336

Retina

24.0

*During maximum accommodation the anterior surface of the lens has a radius of curvature of 5 mm and its anterior
surface is moved forward to be nearly 3 mm behind the anterior surface of the cornea. Partial accommodation will pro-
duce values between these values and those given in the table.

**The index of refraction of the lens varies from 1.386 near each surface to 1.406 in the center. The indicated refractive
power is for the lens surfaces only. The gradient of refractive index within the lens produces additional refractive power.

Note: The refractive index of air is 1.00.
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1.211  Spherical Aberration

(a)

Crown glass

Figure 1. (a) Sphericai aberration in a simple lens; light
rays entering the edge of the lens are brought to a shorter
focus than those entering the center of the lens. Because
rays are not refracted to fall on a single point, the Image will
be blurred. (b) Two-element achromatic lens that partially
corrects for spherical aberration. (From C. H. Graham [Ed.],
Vision and visual perception. Copyright © 1966 by John
Wiley & Sons. Reprinted with permission.)

Key Terms

Blur patch; eye focus; refraction; retinal image; spherical
aberration; visual image

General Description

An ideal lens would refract light rays so that they converge
to a single focal point on the other side of the lens. For a
lens of a given material, an ideal shape can be found so that
light of a given wavelength from a point source at a given
distance will be refracted in this way. If the wavelength,
distance, or lens material changes, a different shape is re-
quired for the ideal lens.

Spherical structures are reasonably close to ideal lenses.
However, as they are not perfect, not all light rays from a
point source will converge on precisely the same point; the
rays striking the outer part of the lens are brought to a
shorter focus than the inner rays (Fig. 1). The image thus
formed will be a blur patch rather than a sharp point. This
degradation of the image caused by spherical surfaces is
known as spherical aberration. Spherical aberration can be
overcome somewhat by using lenses comprised of elements
with different indices of refraction.
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In the human eye, none of the optical surfaces 1s per-
feetly spherieal, and refractive power at the edges of these
surfaces differs from refractive power at the center. In addi-
tion, the refractive power of the lens is greater at the eenter
of the lens than at its edges. Because of this, for most peo-
ple the light rays from a point source do not meet at a per-
feet point, rather the image is somewhat blurred. This
degradation of the image is also called, somewhat impre-
cisely, spherical aberration. The amount of image blur is
directly related to the size of the pupil. A small pupil
minimizes the effects of spherical aberration by limiting
light to the central portion of the cornea and lens where
refractive power is more uniform. For the normal eye,
spherical aberration probably does not have an important
influence on visual acuity at moderate to high light intensity
levels, sinee pupil size is small. When luminanee is low and
the pupil is large, spherical aberration may produce signifi-
cant blurring.

Boff, K. R., & Lincoln, J. E. En ineen‘ngIDara Compendium: Human
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Applications

Discrimination of relatively sharp images from blurred im-
ages may serve as a distance cue. Reference | found that re-
ducing the spherical aberration of the eye reduces the
accuracy of subject’s accommodation (eye focus) in mono-
chromatic light. Using an annular pupil that blocked out

rays through the center of the pupil, allowing only rays
through the peripheral part of the lens to impinge on the ret-
ina, subjects adjusted a test target, viewed through a lens,
from an out-of-focus position to the position of sharpest
focus. Subjects’ errors suggest that spherical aberration is
used to determine the direction of focus errors.

Key References

1. Campbell, F. W., & Westhei-
mer, G. (1959). Factors involving
accommodalion response of the
human eye. Journal of the Optical
Society of America, 49, 568-571.

2. Comnsweel, T. N. (1970). Visual
perception. New York: Academic
Press.
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York: Wiley.
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1.212 Axial Chromatic Aberration
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Figure 1. (a) Chromatic aberration In a simple lens; light of
different wavelengths Is brought to a focus at different dis-
tances from the lens; (b) achromatic lens partially correct-
ing chromatic aberration. (From Ref. 4)
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Figure 2. Axial chromatic aberration of the human eye.
The graph shows the expected focus shiftin going from a
monochromatic 578-nm reference target to a monochro-
matic target of the Indicated wavelength. (Plotted from
datain Ref. 1)
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Key Terms

Axial chromatic aberration; axial chromatism; eye focus;
lens; longitudinal chromatism; retinal image; visual image

General Description

Variation in the focal length of an optical device with differ-
ences in the wavelength of light is called axial chromatic
aberration (also known as axial chromatism or longitudinal
chromatism). All optical devices that form images by re-
fracting (bending) light have some degree of axial chro-
matic aberration because all such devices are made of
materials whose light-bending propcrties vary with
wavelength.

Understanding the cause of this type of aberration in op-
tical systems requires examination of thc refraction of light.
Light of all wavelengths travels at the same speed in a vac-
uum. In any other transmitting mcdium (e.g., water), light
at each wavelength travels at a different speed. Because of
the difference in speed through different matenals, light
striking the surface of an optical material at any angle other
than 90 deg (head-on) to the surface is bent or refracted at
the surface or interface. The ratio of speed in a vacuum to
speed in an optical medium (for a given wavelength) is the
index of refraction of the medium for that wavelength. The
index of refraction for optical materials increases as wave-
length decreases. That is, as wavelcngth becomes shorter,
the speed in the material decreases and the light is bent more
upon entering or leaving; consequently, the index of refrac-
tion is higher.

An example of differential refraction with wavelength is
provided by raindrops illuminated by sunlight. In this case,
reflections and the differential refraction (bending) produce
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a spread of colors that form the familiar rainbow. Prisms
produce a spread or spectrum of colors in a similar way.

In optical instruments, chromatic aberration can be min-
imized by constructing lenses of two or more optical clc-
ments with different indices of refraction to compensatc for
differential bending with wavelength. Howcver, even the
most highly color-corrected lenses have focal Icngths that
are the same for only a few selected wavclengths. Somc
lenses, called achromats, are corrected so that their focal
length is the same for two selected wavelengths; apochro-
mat lenses have matched focal lengths for thrce selccted
wavelengths.

The optics of the eye contain curved transparent clc-
ments that refract light; like all refractive systems, the eyc
shows axial achromatic aberration. As illustrated in Fig. 2,
the focal length of the eye increases with wavelength, so
that no two wavelengths are brought to a focus at thc samc
distance from the cornea (the primary refractive structurc
of the eye). The eye’s optics bchave as if thcy were com-
posed of water; for example, the focal length of blue light is
less than the focal length of red light. It is clcar from thc fig-
ure that the eye has pronounced axial chromatic abcrration.
An object that reflects only blue light can be focused when
closer to the eye than can an object that reflects only red
light. Using the wavelength of maximum photopic lumi-
nosity as a reference (which is a yellow-green ncar thc mid-
dle of the visible spectrum), the figure shows that the eyc is
myopic (nearsighted) for shorter wavelcngths and hyper-
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opic (farsighted) for longer wavelengths. Because images
of all wavelengths but one are out of focus for any one ac-
commodation (focus) distance, one may hypothesize that
visual resolution of the fine details of objects would be af-
fected. Special multi-element lenses have been made to
correct the axial chromatic aberration of the eye (Ref. 5).
Somewhat surprisingly, visual acuity tests using such lenses
have found that visual acuity is hardly changed (Ref. 1).
Clearly, the eye’s appreciable axial chromatic aberration has
little influence on visual acuity. Why the loss in acuity from
the color aberration is so low is unknown.

The axial chromatic aberration of the eye is easily dem-
onstrated by viewing a point white light source through a
filter that transmits only the red and violet extremes of the
visual spectrum (e.g., a cobalt glass filter). When accom-
modation is correct for red light, a red point is seen in the
center of a violet disc (the violet disc is the out-of-focus
violet image of the point source). Conversely, when focus
is correct for violet, a violet point is seen on a red disc.

It is impossible to focus both wavelengths at the same time.
The size of the out-of-focus disc is larger for larger pupil
diameters.

Applications

Designing optical devices to correct for the eye’s axial chro-
matic aberration is not worthwhile. When the eye is accom-
modated (focused) for a certain distance, a point object
nearer or further than that distance will be brought to a focus
behind or in front of the retina, respectively, and the image
of the point on the retina will be a blur circle rather than a
true point. Because the eye has a shorter focal length for

blue than for red light, objects further than fixation (focus)
distance will give rise to a blur circle with a blue fringe and
a red center, while objects nearer than fixation will produce
a blur circle with a red fringe and a blue center. There is
some evidence that this ordering of colors in the blur circle
may be used as a depth cue in signaling whether an object is
nearer or further than the plane of fixation (Ref. 2).

Constraints

¢ The magnitude of axial chromatic aberration decreases as
pupil size decreases.
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579-594.
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Press.
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1.2 Optics of the Eye

1.213 Diffraction of Light in Optical Systems
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Figure 1. Diffraction of light by an aperture. (Not
drawn to scale; light actually spreads over a much
smaller angle.) (From Ref. 1)

Key Terms

Airy’s disk; diffraction; eye focus; Fraunhofer diffraction
pattern; light scatter; point-spread function; visual acuity

General Description

When light from a point source passes through an aperture,
it is spread or diffracted so that the image of the point source
on a surface behind the aperture is not a point but rather a
distribution of light which varies with aperture size and
shape as well as with wavelength, as shown in Fig. 1. The

60

point-spread function (Table 1) describes the distribution of
light in the image of a diffracted point source. The intensity
() of light at a given location in the image of the point
source is a function of distance from the geometrical point
image (p for circular apertures or a for rectangular open-
ings), the diameter of the entrance pupil (a) in the meridian

Boff, K. R., & Lincoln, J. E. En ineen‘ngvData Compendium: Human
Perception and Performance. AAMRL,

right-Palterson AFB, OH, 1988.




Visual Acquisition of Information 1.0

under consideration, and the wavelength of the light (\).
Figure 2 is a graphic portrayal of Eq. 1, the light distribu-
tion of the image of a point source for an optical system
with a round aperture.

Airy’s Disk is the name given to the area bounded by the
first zero cross points in the light distribution. The size of
Airy’s Disk varies with aperture size. The eye acts as a dif-
fraction-limited device when the diameter of the entrance
pupil of the eye is less than 2-2.5 mm. Table 2 shows how
the diameter of Airy’s Disk decreases as pupil diameter in-
creases up to this value.

Applications

Under certain limiting conditions, the radius of Airy’s Disk
may serve as an indication of the smallest angle of resolu-
tion of the eye as an optical system (i.e., the distance by
which two points of light must be separated to be seen as
two points rather than a single point).

Constraints

o In the human eye, other factors in addition to diffractior,
are responsible for the spread of light in the retinal image of
a point source. Actual light spread is usually wider than the
distribution described by Egs. 1 and 2, especially with
larger pupil openings (CRefs. 1.214, 1.215).

K. R. Boff, L. Kaufman, & J. P.
Thomas (Eds.), Handbook of per-
ception and human performance:
Vol. 1. Sensory processes and per-
ception. New York: Wiley.
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Table 2. Relationship between the diameter of the
entrance pupil of the eye and the radius of Airy’s disk
for light of wavelength 555 nm. (From Ref. 2)

Dlameter of Entrance Radius of Alry’s
Pupll (mm) Disk (min arc
0.5 4.66
1 2.33
1.5 1.56
2 1.16
25 0.94

Note: Airy’s disk is the central path of the Fraunhofer diffraction pattem for a
circular pupil (see Fig. 2). Beyond 2-2.5-mm pupil diameter, the eye no longer
acts as a diffraction-limited device, and the actual retinal point-spread function
does not become proportionally smaller as would be the case if only diffraction
were involved.

Table 1. Equations for calculating light diffraction
patterns for circular and rectangular apertures.

M

2
For circular aperture: /{p) = [M—]

Tap/\

@

i 2
For rectangular aperture: /(a) = [M]

2maa/\

! = intensity of light in the image

p = radial distance from the geometrical pointimage, in radians of visual angle
a = distance from the geometrical point image in radians of visual angle

a = entrance pupil diameter, measured in linear units such as meters

X\ = wavelength of light, expressed in the same units as entrance pupil
diameter

Jy = first-order Bessel function

Note: Both a and a must be measured in the same meridian, which must be a
principal meridian of the rectangular opening. Fig. 2 shows the pattern of light
distribution corresponding to Eq. 1.
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Figure 2. Distribution of light In the Image of a point
source for an optical system with a round pupll. The figure
plots the light distribution given by Eq. 1, known as the
Fraunhofer diffraction pattern. (From Ref. 2)
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1.2 Optics of the Eye

1.214 The Point-Spread Function of the Eye

Key Terms

Diffraction; eye focus; image intensity distribution; light
scatter; line-spread function; point-spread function; retinal
image; visual acuity; visual image

General Description

Several physical and geometric optical factors prevent a
point source of light from being imaged as a point on the
retina of the eye; rather, the image of a point source on the
retina is a bell-shaped distribution of light with a series of
colored fringes. The point-spread function describes this
distribution (Fig. 1; Table 1). The spread of light can be cal-
culated for an eye in good focus by Eq. |, which is an em-
pirical expression for the curve shown in Fig. 1:

0(p) = 0.952 exp(—2.59|le.36) @ |
0.048 e’([3’("2.43|p|l. 4) 4}

where p is the distance from the center of the geometric
image in minutes of arc of visual angle and Q (p) is the in-
tensity of the light in the image at distance p in relation to
the maximum intensity.

Several factors contribute to the spread in the image of
a point source, but the major one is diffraction of light
waves (CRef. 1.213). When the entrance pupil of the eye
is smaller than ~2-2.5 mm in diameter, the eye acts as a
diffraction-limited device, and the point-spread function of
the eye is roughly identical to the function derived from dif-
fraction theory (CRef. 1.213). At these small pupil sizes,
the width of the point-spread function decreases as pupil
size increases. As the entrance pupil enlarges beyond ~2.5
mm, however, the point-spread function does not become
proportionally narrower as it would if the eye were diffrac-
tion limited. When the entrance pupil is larger than ~5 mm,
the point-spread function widens due to aberrations of the
eye.

A line may be considered to be comprised of a string of
finely spaced points. The retinal distribution of light in the
image of the line can then be determined by convoluting the
line pattern with the point-spread function of the eye given
in Fig. 1. The light distribution resulting from such a con-
volution is illustrated in Fig. 2.

Applications

In theory, the retinal distribution of light produced by any
target pattern can be determined from the point-spread func-
tion of the eye by decomposing the pattern into a series of
points which are then convoluted with the point-spread
function.
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®
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4 3 2 1 0 1 2 3 4
Retinal Distance
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Figure 1. Point-spread function of the human eye with
good focus, medium pupii diameter (~3 mm), and white
light. (From Ref. 6)

Figure 2. Retinal light distribution of iine segment 4 min
iong created by a row of 25 points 10 sec arc apart. The
image light distribution was caiculated by convoluting the
object pattern with the point-spread function of the eye
shown in Fig. 1. (From Ref. 5)

Constraints

¢ The degree of spread of the optical image is influenced by
pupil size, the wavelength of the light, chromatic aberration
of the eye, and the angle of light entry into the pupil.
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¢ While the width of the point-spread function increases
somewhat in the peripheral visual field, the degradation of
the optical image is not sufficient to account for the ob-

served deterioration of acuity in this portion of the visual
field.

Boff, K. R., & Lincoln, J. E. En ineen'ngvDara Compendium: Human
Perception and Performance. AAMRL, Wright-Patterson AFB, OH, 1988.
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1.0

Table 1. Retinallight distribution for a point source of light. (Adapted from Ref. 6)
Distance from Center Reiative Height of
of Image (min arc) Point-spread Function Coior
0.0 1.000 yellow
0.2 0.754 yellow
04 0.481 yellow
06 0.279 yellow
0.8 0.150 yellow
1.0 0.076 yellow
1.2 0.036 yellow
1.4 0.017 yellow
1.6 0.007 yellow
1.8 0.003 yellowish-white
20 0.001 yellowish-white
22 0.000 greenish-white

Note: Table gives the Intensity (relative to the maximum) and color of the retinal image as a function of distance from the
center of the image. Image Intensity corresponds to the values of Fig. 1 and Eq. 1 for a pupil diameter of ~3 mm. Image
color Is for a white source and 4 mm pupil as caiculated in Ref. 2 from the diameters and luminosities of the aberration
disks for different wavelengths (spread in the image of a point source on the retina due to differences in the focal iength
of the eye for light of different wavelengths) and verified by direct observation using imagery formed by telescope and

microscope.
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The Line-Spread Function of the Eye
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Figure 1. Line-spread function of the human eye in good
focus. An empiricai expression for this light distribution is
givenin Eq. 1. (From Ref.5)

Key Terms

Diffraction; eye focus; image intensity distribution; light
scatter; line-spread function; point-spread function; retinal
image; visual acuity; visual image

General Description

Because of physical and geometric optical factors, a sharp,
narrow line is not imaged as a sharp line on the retina of the
eye; rather, the image is blurred somewhat. The resulting
distribution of light in the retinal image of the line is bell-
shaped in cross section with a series of color fringes. This
light distribution is described by the line-spread function of
the eye. Many factors contribute to the spread of light in the
image of a line, but one of the most important is the diffrac-
tion of light waves (CRef. 1.213).

The line-spread function of the eye can be derived by
relatively simple calculation from the point-spread func-
tion, i.e., the distribution of light in the retinal image of a
point source of light (CRefs. 1.213, 1.214), in the follow-
ing way. A line can be considered as comprised of a string
of points spaced very closely together. Then the image of
the line is simply the superimposed images of the points that
comprise it, and the distribution of light in the image of the
line can be determined by convolution of the point-spread
function with the line pattern. For a radially symmetrical
point-spread function s(p), the corresponding line-spread
function A(a) is given by

s =2]" - d ()

()

()
0.8 1

Relative Intensity
P
1

0.6 1

0.4

0:2'
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4 3 2 1 0 1 2 3 4
Retinal Distance
{minutes of arc)

—

Figure 2. The retinai light distribution for a compiex object
pattern obtained by convoiution. (a) Object pattern of ten
lines. (b) Retinai iight distribution in a siice through the mid-
dle of the image, calculated by convoiuting the object pat-
tern with the iine-spread function of the eye shown in Fig. 1.
(From Ret. 5)

wherc a is the distance from the geometrical image of thc
line in a direction normal to thc line, and p is the radial dis-
tance from the center of the geometrical point image, both
in minutes of arc of visual angle.

The line-spread function of the eye has been determined
empirically by forming the image of a narrow, luminous
line on the retina, measuring the distribution of light when
the retinal image is reflected back through an ophthalmo-
scope, and then correcting the data for the fact that the light
passes twice through the media of the eye (Refs. 4, 6).

Figure 1 shows the line-spread function for the eye, and
Table 1 provides a tabulation of the function for different
distances along the image. The intensity of light, A(a), ata

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




Visual Acquisition of Information 1.0

given point in the image of a line can be calculated using
Eq. 2, which is an empirical expression of the function in
Fig. 1.

A(@)=0.47 exp(—3.3a2)+0.53 exp (—0.93|a]) (2)

where a is the distance from the geometrical image of the

line in a direction normal to the line in minutes of arc of vi-
sual angle.

Complex objects can be convoluted with the eye’s line-
spread function to yield the light distribution on the retina.
Figure 2 shows a cross section of the light distribution of a
set of lines.

Applications

Complex targets can be convoluted with the line-spread
function of the eye to determine the light distribution of the
target image on the retina.

Constraints

¢ The degree of spread of the optical image is influenced by
pupil size, the wavelength of the light, chromatic aberration
of the eye, and the direction of light entry into the pupil.

e The width of the line-spread function increases as focus is
degraded (CRef. 1.216).

e The width of the line-spread function increases as dis-
tance from the fovea increases (i.e., in peripheral vision).
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1.216 Width of the line-spread

Cross References 1.213 Diffraction of light in optical
i o systems;
rlnzr?t:; The eye as anoptical instru- 1.214 The point-spread function of

the eye;
1.211 Spherical aberration;

Tabie 1.

function: effect of visual field loca-
tion and eye focus;

1.217 Retinal light distribution for
an extended source

Retinal light distribution for a line target. (Adapted from Ref. 5)

Distance from Center of image Reiative Height of

Color

{min arc) Line-Spread Function
0.0 1.000
0.2 0.852
0.4 0.643
0.6 0.447
0.8 0.309
1.0 0.226
1.2 0.178
1.4 0.145
1.6 0.120
1.8 0.099
2. 0.083
2.2 0.069
2.4 0.570
2.6 0.047
2.8 0.039
3.0 0.033
3.2 0.027
3.4 0.022
3.6 0.019
3.8 0.015
4.0 0.013
4.2 0.011
4.4 0.009
4.6 0.007
4.8 0.006
5.0 0.005

yellow
yellowish-white
yellowish-white
yellowish-white
cream

cream

cream

cream

cream

white

white

white

white

white

white
greenish-white
bluish-white
bluish-white
bluish-white
purple

purple

purple

blue

blue

blue

blue

Note: Table gives the intensity (relative to the maximum) and color of the retinal image es e function of distance
from the center of the imege in e direction normel to the line. Image intensity corresponds to the values of Fig. 1
end Eq. 2. Image color is for a white line and 4 mm pupil as calculated in Ref. 2 from the diameters and luminosities
of the eberretion disks for different wavelengths (spread in the image of e point source on the retina due to differences

in the focel length of the eye for light of different wavelengths).
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1.216 Width of the Line-Spread Function: Effect of Visual Field

Location and Eye Focus

Key Terms

Diffraction; eye focus; line-spread function; retinal image;
retinal location; visual field location; visual image

General Description

The quality of the retinal image of a small, narrow target
line decreases moderately with an increasc in periphcral
angle, (i.c., the distance of thc image from the optical axis
of the eye ~5 deg nasal to the primary line of sight). Fig-
ure 1 shows that the line-spread function (intensity distribu-

tion of the retinal image of the target line; CRef. 1.215)
remains constant throughout a central region of ~25 dcg,
then gradually becomes wider as peripheral anglc increascs.
The line-spread function becomes narrower with better
focus at a given peripheral angle.

Methods

Test Conditions

e Viewing slit 100 pm wide, verti-
cal or horizontal presentation;
viewing dislance 34.5cm (2.9
diopters); fixation on dimly illumi-
nated flashlight bulb scen through
mirror; accommeodation (eye
focus) prevented by drugs; focus of
retinal image varied by usc of
ophthalmic trial lenses near eye,
3.0-diopler range

e Reflected relinal image scanned
by double-pass photoeleclric in-
strument across fixed slit in front of
photomultiplier; spectral sensitivity
of apparatus similar to that of slan-
dard color-vision obscrver

® Measurements laken in white
light, at 5-deg intervals across cen-
tral 80 deg of horizonlal retinal me-
ridian in bolh eyes; head posilion

mainlained by biteplate and head-
rest; 7.5-mm pupil dilation main-
tained chemically

Experimental Procedure

e Computer-averaged exlernal
line-spread functions measured by
pholoelectric instrument from re-
flecled retinal image

® Independenl vanables: oricnla-
tion of target slit, angular displace-
ment of 1argel slit image on retina,
focus of targel slil image

s Dependent variable: external
line-spread function halfwidth (full
width at half-height of line-spread
reflected from retina)

® Observer's task: maintain fixa-
tion and stationary eyc position

e | subjecl

Experimental Results

® The quality of the retinal image (as measurcd by the

width of the line-spread function) is relatively constant over
a central region of ~25 deg (measured from the optical axis
of the eye) and then deteriorates mildly toward the periph-
ery across the central 80 deg of the eye’s horizontal merid-
1an. As the peripheral angle increases, line-sprcad function
halfwidths gradually widen from ~11.5 to ~30 min arc of
visual angle.

¢ Line-spread functions become narrower with bettcr spec-
tacle lens focus at a given peripheral anglc; the narrowest
line-spread halfwidth indicates optimal focus.
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