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FOREWORD

In the Spring of 1965 a two-day meeting was held under the aus-
pices of the AF-NRC Committee on Vision. The papers presented
at this meeting were concerned with ideal and practical techniques
for the measurement of each of the selected visual functions.

The interest shown in these papers by visual scientists and by
practicing ophthalmologists and optometrists prompted the Ex-

ecutive Council of the Committee on Vision to provide for their
publication.

MSESSIen t

e ik mN

(] M Sesties D

WNARNOBRCED

JSTIFICATION

| | PR

mnumu/mnmum e
AVAIL sad/or SPECIAL

L




CONTENTS

General Introductory Remarks
by the Chairman of the Symposium
Arthur Jampolsky

VISUAL ACUITY
Preliminary Comments on Visual Acuity
Introductory Statement by the Chairman of the Section

Glenn A. Fry

Visual Acuity Relative to Present Vision Committee Efforts
Ailene Morris

Clinical Measurement of Visual Acuity
Louise L. Sloan

Laboratory Approach to the Measurement of Visual Acuity
Glenn A. Fry

REFRACTIVE ERROR

Clinical Measurement and Laboratory Measurement
Monroe Hirsch and Meredith Morgan

14

16

24

31




COLOR VISION
The Munsell Color-Circle and the
Farnsworth-Munsell 100-Hue Test
Arthur Linksz 55
Laboratory Measurement of Color Vision
F. J. J. Clarke 86

DISTANCE VISION

Distance Vision (Binocular Depth Perception)
R. L. Vasa 93

Some Distinctions Between Perceived Depth and Distance
Olin Smith 98
PHORIA AND OCULAR ROTATION

Heterophoria and Ocular Rotations or Binocular Coordination
Arthur Jampolsky 109

Laboratory Measurements of the Ocular Rotations,
Heterophorias, and Oculomotor Coordination
Kenneth N. Ogle 122

ACCOMMODATIVE AMP LITUDE

Measurement of the Accommodative Amplitude
Gerald Westheimer 131

Laboratory Measurement of Accommodation
F. W. Campbell 133
NIGHT VISION

Clinical Measurement of Night Vision
Jo Ann S, Kinney 139

Night Vision and Visual Sensitivity
Howard D. Baker 153

v P—




VISUA L FIELDS

Introductory Statement
by the Chairman of the Section
Ailene Morris

Clinical Measurement of the Visual Fields
Milton Flocks

Electroperimetry: A Laboratory Method for the
Study of the Visual Field
R. M. Copenhaver and N. W. Perry, Jr.

INTRAOCULAR TENSION

Clinical Measurement of Intraocular Pressure
Mansour F. Armaly

Instruments for Measurement of Intraocular Pressure
Robert A. Moses

STRESS TOLERANCE

Effects of Stress on Visual Function

Introductory Statement by the Chairman of the Section
John Lott Brown

Clinical and Field Considerations of Vision Under Stress

H. W. Rose

Laboratory Studies of the Effects of Stress on Visual Function

John Lott Brown

CLINICAL AND LABORATORY MEASUREMENT OF

VISUAL FUNCTIONS OTHER THAN THE PREVIOUS TEN

Seeing—The Engineer's Point of View
Richard Trumbull

Concluding Remarks
by the Chairman of the Symposium
Arthur Jampolsky

167

171

185

192

203

204

225

249

251




GENERAL INTRODUCTORY REMARKS
by the
Chairman of the Symposium

Arthur Jampolsky
Institute of Visual Sciences, Presbyterian Medical Center
San Francisco

The purpose of this meeting is to provide a basis for re-evaluat-
ing the testing procedures for each of the different visual param-
eters useful in visual classifications.

The laboratory methods of assessing each visual function are
presented in order to update the awareness of all possible testing
techniques available in assessing the considered visual parameter.

The clinical presentations are directed toward assessing those
techniques best suited for practical utilization in measuring the
considered visual parameter by (a) professional personnel. (b)
non-professional (technical) personnel, and (¢) machine or semi-
automated methods. Special reference is made to updating tech-
niques such as the utilization of electrodes, machines (orthora-
tor types), and other semi-automated techniques capable of
quantifying or scaling the test scores.

Where appropriate, comments are made relative to training
of the visual function, and predictability of change with age.

The material presented provides a basis for making judgments
relative to the preferred testing techniques best suited for the
needs of the different agencies and services requiring visual
classification and testing. These conclusions are derived {roni,
or compared with, the array of laboratory techniques available.

It is realized that the division into the laboratory and clinical
presentation aspects is purely arbitrary. All authors have been
judiciously selected because each possesses all of the distilled
virtues of both clinical scientists and scientific clinicians. They
have been asked merely to assume some biases for purposes of
their presentations.

The present goal is not concerned with needs, uses or pur-
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poses, limits, standard setting, or necessity for validation of
standards, or whether vision is important or unimportant to any
specific simple or complex performance task. The concern is
with the testing techniques most suitable for scoring and classi-
fication.

A few words about the background of the problem seem appro-
priate. Working Group 20 of the Armed Forces-NRC Committee
on Vision re-evaluated some of the aspects of the visual require-
ments for flying and made some general conclusions and recom-
mendations regarding visual requirements, visual standards for
performance tasks in general, and the role of the visual scien-
tists in assessing visual capabilities, and in assisting the agen-
cies and services with their needs for visual classification sys-
tems. This report is available (Jampolsky & Morris, 1964).

Some of the main recommendations which are of relevance to
this symposium were as follows:

1. To state the capabilities in each of the major visual param-
eters (acuity, heterophoria, color vision, etc.) in grades of visual
fitness in order to augment and amplify the usefulness of present
visual classification systems. Such grades and grade decrements
could serve as a basis on which a flexible, dynamic system of
visual standards could be constructed and appropriately adjusted
to meet changing needs.

2. To create a "core team' composed of (a) operational-visual
specialists, each representing various Armed Service and civil-
ian agencies, who are concerned with visual requirements for
flying, and (b) visual scientists, expert in a particular visual
parameter, selected to join the team at the time their specialty
is being graded. The grades of visual fitness concept could best
be executed by such a '"core Team."

3. To define "perfection' in each of the visual parameters.
Ten graded decrements signifying fitness less than perfect could
be specified below the top grade level. Upon this matrix, the dif-
ferent criteria of selection and retention could be clearly speci-
fied, or a visual profile could be constructed for any individual.

4. To assign to the team grading each visual parameter the
task of evaluating the present tests employed by the services and
agencies, and to recommend improved testing techniques for
both machine and non-machine methods.

This report was accepted by the Executive Council of the
Committee on Vision, and after due consideration, it was decided
that it would be appropriate to devote a Committee meeting to
the specific purpose of evaluating the present tests employed,
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and to re-examine the visual parameters to be tested and graded
in order to aid the core team, augmented by experts in each
considered parameter, to establish the grades of visual fitness.
The numbers attached to the test results are numbers per se
without any relevance necessarily to their use. These should be
considered labels, and the way in which they are determined
should not necessarily be specifically related to the use to which
they may be put.

Visual acuity should be assessed for visual acuity's sake. Re-
fractive error should be assessed in order to detect and grade
the refractive error. Although one can seldom escape judgmental
factors which enter into the decisions relative to tests and grad-
ing, such factors should be selected with an eye toward as uni-
versal use as possible for classification in static, dynamic, and
unknown stress conditions.

How does one test or measure the overall visual capability in
order to predict visual performance ? Historically, the following
visual parameters have been tested in order to satisfy the need:
1. visual acuity; 2. refractive error; 3. heterophoria; 4. ocular
rotations; 5. color vision; 6. distance judgment; 7. accommoda-
tive amplitude; 8. visual fields; 9. night vision; and 10. intra-
ocular tension.

A disproportion of inattention apparently has been given to
other more dynamic conditions, more difficult to test and assess,
such as dynamic visual acuity, glare resistance or recovery,
photo-stress, detection, tracking, etc. Little or no utilization
has been made of electrophysiological methods in applied visual
testing techniques, perhaps for good reasons.

By way of comparison, a cardiovascular testing profile is of
interest. This battery of tests under dynamic conditions makes
extensive utilization of electrophysiological testing techniques
and provocative stress states, and consists of the following:

1. ballistocardiogram; 2. vectorcardiogram; 3. stress-provoca-
tive test exercise; 4. prone-supine position; 5. hyperventilation
followed by maximal breath-holding; 6. carotid sinus massage,
7. 100 per cent oxygen; and 8. tilt table, etc.

The task should begin with the question of how well do the pres-
ent visual tests of the selected visual parameters assess over-
all visual capability, i.e., continued health and integrity of the
visual apparatus under normal, dynamic, and stress conditions.

The request to make such practically useful but compromised
judgments, derived from scientific laboratory methods, some-
times elicits a sudden conditioned reaction in a certain segment
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of the scientific community. Fortunately, the Committee on
Vision is structured so as to facilitate a seasoned response to
the practical needs of the agencies and services based upon both
laboratory and clinical experiences. This symposium reflects
these purposes and goals.

Example of the Proposed System for Grades of Visual Fitness

Grades
Visual parameters Perfect Low
x 11 . Gbs e .rx_x_v__l(__1
| 2 T \
: | Is 'R | I
Visual acuity | IS :R { |
S R
Refractive error [ Is {@'R | |
Is IR bl
Heterophoria [ S iR
| ls b
Ocular rotation | } J
S n o
Color vision | S :___‘ R R
- . !S : R | l
istance judgment [ S t R |
s t+ rReR |
Accommodative amplitude | IS R l |
S R I
Visual fields ' 'S ‘RRRR l
| s w ‘
Night vision Fgski ;_-___g_g_k_pm |
' !
Intraocular tension I: ]S R |
O e ! i 4
Visual tolerance to stress , 'S {}S_R__}} ‘ l
Etc. | i H bl

Note: SSSSS selection requirements for service X
RRRRR retention requirements for job X
————— visual profile of subject Z
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PRELIMINARY COMMENTS ON VISUAL ACUITY
Introductory Statement by the
Chairman of the Section

Glenn A. Fry
School of Optometry
The Ohio State University

The Armed Forces-NRC Committee on Vision has already adopted
the test charts for visual acuity involving the Sloan letters and
has also approved the Bausch and Lomb Ortho-Rater as a ma-
chine method of making acuity measurements. Under the circum-
stances, it does not appear to be appropriate to propose alternate
methods of making acuity measurements.

It may be desirable to reformulate the standards in more
general terms without reference to a specific device. The Sloan
letters could be designated. One could then specify the arrange-
ment into lines with each line containing a specified number of
letters and a specified spacing, contrast and luminance level. It
may be that the Ortho-Rater may be the only instrument that
meets the standards in mind, but the standards themselves should
be capable of being specified without reference to a trade name.

In accordance with the recommendation made by Dr. Ogle and
his committee, (Ogle, 1953) it is recommended that the size of
the letters on the test chart be specified in terms of the visual
angle subtended by the critical detail, which in the case of the
Sloan letters is the width of the strokes. The total height of each
letter is five times the width of the stroke. The visual angle is
specified in minutes. An alternative way is to specify the size
of the letter in terms of the distance at which it will subtend five
minutes of arc. Still a third way of specifying the size of the
letters is in terms of the Snellen fraction in which the numerator
represents the distance at which the test is made, and the denom-
inator the distance at which the letters subtend at five minutes
of arc.

The sizes of the letters included on the chart are graded in
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terms of uniform steps on a log scale. Dr. Ogle considered
three things in connection with his justification of the use of the
logarithmic scale for grading the letter sizes on the visual-
acuity chart. The first of these considerations is that if the area
of the letter is specified as opposed to the height of the letter,
the steps in area as well as the steps in height are linear on a
logarithmic scale.

Dr. Ogle also considered the experimental evidence in support
of the notion that there is a logarithmic relationship between
diopters of myopia and the logarithm of the visual angle which
can just be resolved. On the basis of blur-theory, however, one
must expect that the visual acuity varies inversely with the
amount of blur, and the discrepancy reported by Dr. Ogle needs
further study.

The third consideration is the most important and, all by it-
self, can constitute the basis for the choice of a logarithmic
scale. In connection with the smaller letters where ten different
letters are presented for each letter size, one can think of the
use of the chart as a constant stimulus technique. The percentage
of the number of letters on each line which can be correctly
named constitutes a specification of frequency of seeing. If these
frequency-of-seeing scores for the various lines are plotted on
a sheet of graph paper in which a logarithmic scale is used for
letter size, and a probability scale is used for frequency of see-
ing (percentage), the line connecting the points turns out to be
straight. When the data are analyzed in this way one obtains a
true psychophysical function. One can specify the point on the
letter-size scale at which the frequency of seeing is 50 per cent.
even though this size falls between the sizes for the rows of
letters. When one specifies a score for a given individual in
terms of a letter size at which he has a 70 per cent frequency of
seeing, this represents a meaningful point on the curve giving
the psychophysical function.

When visual acuity is specified in terms of a logarithmic scale
two individuals having different visual acuity scores will have
the same standard deviation for the psychophysical function in
terms of logarithmic units. This principle has also been demon-
strated for a given individual made myopic to various degrees
with plus lenses.

The checkerboard patterns normally used in the Ortho-Rater
are graded so that there is only one checkerboard pattern for
each of the checkerboard spacings. The criterion in this kind of
situation is the level at which two items are missed in sequence.
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Someone ought to analyze the statistics involved in this situation
to relate the findings to findings based on the constant stimulus
approach.

Although a logarithmic scale is used for the purpose of arriv-
ing at a specific and meaningful specification of the visual acuity,
it is recognized that the visual acuity scores for different people
do not indicate their relative capacities for performing a task.
However, visual acuity scores have to be used for the purpose
of selecting people for a given task, or for assigning people with
different tasks. Consequently, it must be recognized that equal
steps on a logarithmic scale of visual acuity do not represent
equal steps in terms of performance of a task. However, the
performance of a task is the basic underlying concept for grading
the parameter for visual fitness. It may be argued, however, that
if one wants the parameter of visual acuity graded into ten steps,
or a greater number of steps, the steps could be uniform on a
log scale, and the person who has to use the scale for selecting
or assigning people will have to reinterpret the scale for his
purpose. The range should extend from 20/10 to 20/400.

The question can be raised whether any suggestions can be
made to help a person reinterpret a logarithmic scale of visual
acuity in terms of visual fithess. One simple approach to the
matter would be to use the AMA scale of visual efficiency which
is designed for the purpose of meting out compensation in the
case of loss of vision through accident. The general underlying
concept here is that the loss in acuity will impair the capacity
of the person to earn a living.

Another approach to the matter is to use the Sloan letters, or
equivalent characters, in the design of a task in which perform-
ance can be studied. Consider, for example, the case of Lan-
dolt Rings. One can make up a visual acuity chart, as Dr. Sloan
has done, in which Landolt Rings are used as substitutes for the
Sloan letters. This is necessary in the case of illiterate people
who need to be tested for visual acuity. Attention is called to a
paper prepared by the writer and called ""Assessment of Visual
Performance," in which two different examples of tasks are
described which involve the Landolt Ring, and which can be used
in the study of the performance of a task.

One of these tasks is the task set up by Weston and used in
the study of performance. He studied not only the effect of the
size of the letter but also the contrast and the level of luminance.
The subject has to scan 16 rows of 16 Landolt rings in each row
and to mark the rings in which the gaps are pointing in a speci-
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fied direction, which may be one out of eight possible directions.
The result is scored in terms of measurements which are char-
acteristic of performance, such as speed and accuracy. In this
kind of study it is possible to relate performance to the size of
the letter, and, in this way, obtain a relationship between per-
formance and letter size.

Another type of task, described in the paper referred to above,
is one in which a single Landolt ring is presented to the subject
at a given time. The size, the duration of exposure, the contrast,
and the luminance level can all be varied. If the interval between
the presentation of one letter and the next is slow enough this
kind of manipulation-can be regarded as a way of measuring
acuity. The thing that converts it from a measurement of acuity
to a measurement of performance is the use of rates of presen-
tation which are so rapid that the cortical processes involved in
handling the information fed in through the eye become time-
limited, and the only meaningful way to interpret the results is
in terms of speed and accuracy. One can, of course still use
Landolt rings and design a task which is infinitely more complex.
Data of the type just described can be used only as a general
guide in trying to relate letter size to performance.

In dealing with the problem of visual acuity, it must be recog-
nized that each observer has two eyes, and the visual acuity in
each of the twe eyes may not be the same. Consequently, when
rating people in terms of visual fitness it is necessary to come
up with a rating which represents some kind of weighted average
of the visual acuity in the two eyes.

This merely serves to indicate the complexity of the problem
of specifying cutoff points for selecting and assigning personnel,
and for retaining personnel. Another aspect of the problem is
that in most cases the personnel involved will be permitted to
wear their glasses. Hence, in such cases, the measurement of
visual acuity should be made with the glasses to be worn. In
some instances, where the work involves near vision, the visual
acuity should be measured at the distance at which the eyes will
be used, and, if a reading aid is to be prescribed, it should be
used during the test. The general concept of visual fitness in-
volves not only visual fitness at the moment, but the retention
of visual fitness over a period of time, and hence things other
than the visual acuity measurement itself must be taken into
consideration.

It was pointed out at the meeting, for example, that if you
want a man to have good distance vision without glasses at the
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age of 25 when you select him at 20, the obvious thing to do is to
take a hyperope who will be able to accommodate for the required
distance at the age of 25. On the other hand, if you want a man

to be able, without glasses, to see near-point objects at the age
of 45 as well as at 35, you would have to avoid picking hyperopes
who might be too presbyopic at the age of 45 to perform the task.

The problem of the presbyope is not swept away merely by
saying that proper glasses will be prescribed, because a pres-
byope wearing bifocals (or even trifocals) is faced with handicaps
by way of flexibility in his focus which would not plague a younger
person. For example, he might have to have a special pair of
glasses in order to pick splinters out of his fingers.

The difference between a s'creening test and a qualifying test
should be easy to visualize, but the distinction, in some instances,
is hard to make. For example, one can give a visual acuity test
without glasses for the purpose of determining if the person
needs to be wearing glasses. One can also test visual acuity with
the old correction to determine if the glasses need changing.
Measurements of this kind need not have any bearing on his abil-
ity to qualify for a given task if he can get good visual acuity with
the proper pair of glasses. It is assumed that the refractive
errors are measured directly, and there is no need to use visual
acuity scores without glasses to assess the refractive error.

On the other hand, if a person fails to get 20/20 vision at dis-
tance with his best correction one should not immediately set
out to find a job requiring low-grade vision which he can perform.
An ophthalmologist or optometrist, or a team involving both,
should further examine such a person to determine the cause of
the reduced acuity.

An examination may indicate that he has a condition which
may become worse and, therefore, he may be disqualified for a
given job on the basis of the prognosis, even though his visual
acuity per se would not, at the moment, disqualify him for per-
forming the task.

After it has been determined that no active pathology is in-
volved, and that the condition is not likely to get better or worse,
then, and then only, can the person be assigned to a job for which
he is qualified by virtue of his acuity measurement.

Fig. 1, in the report of Working Group 20 'Visual Require-
ments for Flying,'" implies that the different parameters should
be graded in such a way that the same cut-off point should be
used for each of the parameters for a given task. In the opinion
of the author, the cut-off points are going to differ on different

11




Example of the Proposed System for Grades of Visual Fitness

Grades __ 1
Visual parameters Perfect U’ﬂ
1 n B s e e IX X
T v H l"""""1 1
| Is ®m i .
Visual acuity | S :: { ‘
S §
Refractive error | |s :n_‘l { {
S R
Heterophoria I :S 3 : ' }
S ‘R
Ocular rotation : ts :"'“”"n_ { ‘
S R
Color vision ‘ lS i____‘ RR : ‘
S 1 R
Distance judgment [ :S % R | :
S t RRR
Accommodative amplitude | |S h':ﬁ ] : l
S ¢
Visual fields l Is RRARR !
2 E {
| S '
Night vision - 'g _____ 2_&_1_ RRIR | f
' 3
Intraocular tension |: .'S R { ’
L R { |
Visual tolerance to stress I |S BRR _I.!. { {
Etc. Al 0 $ Eiof

Note: SSSSS selection requirements for service X
RRRRR retention requirements for job X
----- visual profile of subject Z

FIG. 1.

parameters for different tasks, not only for the purpose of re-
tention but also for the purpose of selection.

In this connection, it may be noted that a parameter like ac-
commodative amplitude, which is graded in terms of diopters of
amplitude, will classify different individuals by age, whereas a
parameter like visual acuity with the best correction is not a
respecter of age. If, therefore, old people are selected for one
job and young people for another, different relative weighting
will have to be given to amplitude of accommodation and visual
acuity in the two groups.

If one of the purposes of the testing program is to provide
flexibility in which the cut-off point can be manipulated to in-
crease the available manpower, there could be provided, ahead
of time, information on how the grades for the different param-
eters divide the population. The author has not attempted to do
this for visual acuity, although it is suspected that all the neces-
sary data are available to accomplish this objective.

In the report of Working Group 20 it was pointed out that it is
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desirable to have the cut-off point for retention flexible. This
may turn out to be the hardest of all the problems. Grades of
visual fitness would have no meaning if one used grade 4 for a
cut-off point in Denver one day, a grade of 2 for cut-off point in
Washington on the next, and then to switch back and forth. The
implication in the report is that it is better to have a flexible
cut-off point rather than to handle the situation by issuing waivers.
It appears that the most efficient system would be to recognize
that issuing waivers is a perfectly respectable precedure. The
important thing is that the person who makes the decision use
his best possible judgment in the interests of all concerned, and
most of all, he must thoroughly understand the risk involved
when a waiver is issued. It seems, therefore, that the essential
problem is that people who have to make the decision about
waivers be fully informed about the nature of the parameters and
the risk involved in failing to take a man off a task when his
scores indicate that he is not qualified.

REFERENCE

Ogle, K. N. Report on international nomenclature for designating visual
acuity. Armed Forces-NRC Comm. on Vision, 1953.
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VISUAL ACUITY RELATIVE TO PRESENT VISION
COMMITTEE EFFORTS

Ailene Morris
Institute of Visual Sciences, Presbyterian Medical Center
San Francisco

A review of the historical developments of the efforts of the
Armed Forces-NRC Committee on Vision relative to visual acu-
ity was published in 1962 (Morris, 1962). Briefly, that review
covered the areas of visual standards for acuity, phoria, and
depth perception, as well as test devices and visual performance
related to job success. The appointment in 1945 of the Subcom-
mittee on Procedures and Standards for Visual Examination ini-
tiated an extensive and continuing program which has resulted
in specific progress toward developing adequate and reliable
tests, standardization of procedures and conditions, and the ef-
fective carrying-out of established visual screening and qualifi-
cation criteria. Visual acuity wall-charts have been devised and
validated, screening instruments have been developed and evalu-
ated, and clinical testing procedures for acuity and phoria mea-
surement have been specified. Job analyses have been carried
out, visual requirements defined for job success, and visual
standard selection levels recommended.

Working Group 20 in its recent report to the Committee on
Vision (Jampolsky & Morris, 1962) recommended that grades
of visual fitness be established for the various parameters of
vision. Such grades, or grade decrements, could serve as a
basis on which a flexible, dynamic system of visual standards
could be constructed and appropriately adjusted to meet changing
needs. This recommendation is, in fact, the reason for the cur-
rent meeting on the Measurement of Visual Function.

In a supplement to the Working Group 20 report, a plan was
proposed for organizing and handling the vast amount of data on
vision. It was recommended that the methods and principles of
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taxonomic classification be applied to human visual data. One
aspect of this system involves establishing hierarchical categories,
each embracing one or more lower categories. As applied to the
measurement of visual functions, the sequence of categories
could be based upon relative importance. The various visual
functions could be arranged accordingly, and from this sequence
the priority of testing order could be established. Not only
should the most important visual functions be evaluated first,
but the earlier tests should screen effectively and should provide
maximum information, thereby conserving time in subsequent
assessment, or eliminating it altogether. For example, if there
is evidence of high photopic acuity and normal color vision, a
good, central visual field can certainly be assumed without mea-
suring it.

In considering the measurement of visual functions, this group
would do well to take full advantage of the time, talent, and effort
already invested by the Armed Forces-NRC Committee on Vision.

REFERENCES
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CLINICAL MEASUREMENT OF VISUAL ACUITY

Louise L. Sloan
Wilmer Ophthalmological Institute
The Johns Hopkins University

Clinical tests of acuity are expected to meet at least three dif-
ferent needs: (a) they provide qualifying tests to determine, for
example, fitness for a job, eligibility for admission to a "'Sight-
Saving' Class, or some financial compensation; (b) they are
needed in the diagnosis and follow-up of eye disease; (c) they
are used in the subjective determination of errors of refraction.
Of the three types of equipment commonly employed, wall-
charts, projected charts, and machine tests, the last is seldom
used by the ophthalmologist because lens corrections cannot
easily be varied while the patient is viewing the chart. Projected
test letters are convenient but must be viewed in an otherwise

dark room to prevent reduction of contrast by an unknown amount.

In patients with opacities of the media, wall-charts viewed in
illuminated surroundings give a more realistic measure of the
degree of impaired vision. One patient with corneal scarring
after an automobile accident had 20/80 vision when shown a sin-
gle line on a Project-O-Chart. Using the wall chart, illuminated
in accordance with Vision Committee recommendations, her
vision was only 9/100.

There is agreement as to the need for standardization, or at
least for specification, of such factors as contrast between test
target and background, luminance of the background, type of
test target, and gradation in size of target. Recent studies indi-
cate that it may also be desirable to pay attention to the spacing
between individual letters, and between the successive rows of
letters. .

High contrast optotypes, for example, black letters on a
white background, are used for two reasons: (a) slight variations
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in the reflectances of the black and white areas have no signifi-
cant effect on acuity if the contrast is 85 per cent or more; (b)
the test situation duplicates that of ordinary reading of black
letters on a white background.

A supplementary test of the effect of lowering the contrast
on acuity could be useful in selection for special tasks and might
also be of value in differential diagnosis of eye diseases. Titmus
Optical Company has special slides for use in their Vision Tester
consisting of a series of Landolt rings of fixed size and of varying
degrees of low contrast. If contrast can be adequately controlled
in mass production, these slides could provide a useful supple-
mentary test.

To the author's knowledge, ophthalmologists have never offi-
cially recommended any particular level of illumination on their
test charts but accept whatever the manufacturer provides in the
lighting cabinets and projected charts. If the same reasoning
used in support of high contrast targets is adbpted, a very high
illumination could be recommended so that acuity will be un-
changed with moderate deviations from the standard. A high
illumination is usually considered undesirable for subjective de-
terminations of refractive error because the associated pupil
contraction reduces the size of the blur circles.and makes the
test insensitive. Some unpublished data of the author raises a
question as to the correctness of this view. Fig. 1 shows that the
well-known linear relation between decimal acuity and logarithm
of illumination intensity holds also when there are uncorrected
errors of refraction. These data are for the natural pupil and
for an emmetropic observer with simulated, mixed astigmatisms
of the amounts indicated in the graph. According to these data,
there should be a greater difference in acuity with the right and
with the wrong correction when the test letters are viewed in
high illumination. This could mean greater sensitivity in the
subjective determination of refractive error, even though the
pupil is smaller. This chart, however, shows acuity in decimal
units. The change in the threshold visual angle with increased
blurring and the percentage of the change in acuity might show
different relationships to illumination. Until it is known what
units of change in letter size correspond to equally perceptible
changes in legibility, one cannot decide what luminance level
is best for subjective refractions. In studying eye diseases, it
may be best to test several different levels. As evidence for
this, figures are presented from a current study of the acuity-
log I relationship in patients with various forms of eye disease.
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FIG. 1. Relationship between acuity and luminance in
simulated errors of refraction.

These three patients with macular lesions all have a slower than
normal rate of increase in acuity. This test is of practical im-
portance in patients like Case C. His acuity is less than 20/200
at 10 ml but continues to improve with increasing luminance.

At 1000 ml it is 20/50. This patient and several others whose
graphs are similar read ordinary newsprint with the assistance
of one of the new portable high intensity light sources. Fig. 3
illustrates a quite different form of graph in which acuity reaches
its maximum at an intensity of 10 ml or less. Here, high inten-
sity is of no benefit. It is obviously essential to specify the back-
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FIG. 3. Acuity-luminance relationship in four patients with optic
neuropathies.

ground luminance used in any test of acuity. A possible need for
different levels of testing to meet different requirements should
also be kept in mind.
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Another question which needs consideration is that of the best
gradation of steps on a clinical acuity chart. This could be, for
example, equal steps in visual angle, equal steps in decimal acu-
ity (reciprocal of visual angle), or equal steps on a log scale
(geometric progression).

Many widely-used charts do not follow any consistent principle
of gradation. Exceptions are the Ortho-Rater Checkerboard
Slide, which provides 15 equal steps of decimal acuity from 0.1
to 1.5, and several charts graduated in equal steps on a log scale.
These include the Lancaster chart, and a Good-Lite Chart. The
American Optical Company has recently duplicated the latter in
a Project-O-Chart Slide. No commercially available charts
with equal steps of visual angle are known to the author.

In 1953, a committee with Dr. Ogle as chairman (Drs. Byrnes,
Cowan, Farnsworth, Fonda, Lancaster, Lebensohn, and Sloan as
members), recommended a log gradation, although they recog-
nized that a theoretical or experimental basis in its favor has
not been clearly established.

Next under discussion is the spacing of the individual letters
and lines. Fig. 4 shows the spacing used in 1950 by the author
in a chart constructed for comparison of acuities at true and at
simulated distance, and for comparison of letter, Landolt ring,
and checkerboard targets. The lateral spaces between letters
are equal to the width of the letters, and the vertical space be-
tween successive lines is equal to the width of the letters on the
upper line. Standard spacing was, however, not included in speci-
fications for the charts recommended by the Vision Committee
because its importance was not generally recognized. In the
Armed Forces-NRC charts and slides, the large letters are
closer together to save space, and the smaller letters are spread
further apart to fill up the otherwise empty areas.

The influence on acuity of nearby borders has been the sub-
ject of several recent studies. This has been varicusly called
contour interaction, separation difficulty, and the crowding phe-
nomenon. According to the data of Dr. Flom and his colleagues,
contour interaction is maximal when the space between letters
is about 40 per cent of the letter size and is practically negligible
when the spacing is 3X as great, i.e. 12 per cent of the letter
size. These figures are for the normal, emmetropic eye.

In subnormal vision resulting from refractive error or from
eye disease, contour interaction probably extends to a wider
letter separation. In squint amblyopias, acuity tested with iso-
lated E's is often markedly better than that measured with a
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conventionally-spaced row of E's. In the low vision clinic of the
author, acuity is tested on the letter chart shown in the previous
figure in which the spacing equals the letter size. It is found,
however, that the patient's ability to read continuous text is
usually much poorer. This is not surprising since the spacing
of the letters is close to the 40 per cent value at which, accord-
ing to Dr. Flom, contour interaction is maximal. Fig. 5 shows
the relation between acuities measured with capital letters and
with standard reading material. The most marked discrepancies
occur in patients who, because of the nature of their field defect,
use a different retinal area when reading one letter at a time and
when reading continuous text.
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FIG. 5. Relationship between acuities measured with capital letters
and with continuous text.

The studies of Dr. Flom and his colleagues indicate that acu-
ity charts should have a spacing which bears some fixed relation
to letter size. Whether the standard spacing should be such that
contour interaction is negligible, at least for the normal emme-
tropic eye, or one which maximizes the crowding factor is not
certain. Since one of the arguments for using letters to test acu-
ity is that they relate to the task of reading continuous text, the
smaller spacing might provide the more valid measure of acuity. .
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There remains the final question of the best type of test tar-
get for the clinical measurement of acuity. Arguments in favor
of the ten Sloan letters have been presented at length in previous
Vision Committee meetings. This group of letters is used in the
Armed Forces Vision Tester and wall-charts. More recently,
they have been recommended by the Committee on Optics and
Visual Physiology of the American Medical Association. They
are available outside the Armed Services in Good-Lite Wall
Charts, in an AO Project-O-Charts Slide (No. 11076), and in a
special slide of the Titmus Vision Tester.
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LABORATORY APPROACH TO THE
MEASUREMENT OF VISUAL ACUITY

Glenn A. Fry
School of Optometry
The Ohio State University

The laboratory approach to the problem of visual acuity is based
on the need for understanding the mechanisms involved in trans-
fer of information about fine detail in the world about us through
the eyes to the brain, and the use of this information in the per-

formance of various tasks.

The first stage of this transfer is the formation of an optical
image on the retina. This is called the optical or physical factor
in visual acuity.

The second stage is the conversion of the optical image on
the retina to a pattern of impulses in discrete, optic nerve fibers.
The predominating feature of this stage is the spacing of the
photoreceptors and ganglion cells, and this is the anatomical
factor.

In recent years, another factor, called retinal optics, has been
identified. It has to do with the way light is collected at the retina

.and fed through the outer segments of the rods and cones. What

it amounts to is that the number of quanta absorbed by a given

. photoreceptor is not related in any simple way to the average
number of quanta per unit-area falling on that region of the retina.
It varies with the angle of incidence.

In the retina there exists crosstalk between photoreceptors,
bipolars, and ganglion cells in the form of neurological irradi-
ation and inhibition, which constitutes the physiological factor in
visual acuity. The classical way of demonstrating the role of
this factor is through the study of effects of illumination level.
Another physiological factor which can be separately assessed
and manipulated is micronystagmus. This can either hurt or
help the perception of fine detail.
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At the lateral geniculate body and at the cortex, there is also
crosstalk which affects visual acuity. At the cortex, one is not
so much concerned about how this crosstalk impairs perception
of fine detail, but rather what kind of mechanisms process the
information arriving from the retina. The mechanisms involved
include the interpretation, storage, and retrieval of this informa-
tion.

Measurements of acuity may involve mechanisms at this
level, such as attention and learning, and, to this extent, one can
identify a psychological factor in visual acuity.

Visual acuity has been defined by the author as the perception
of fine detail. This is deliberately vague, because in assessing
the blur of the retinal image, for example, one cannot afford to
be concerned with whether one is dealing with the perception of
fine movements, vernier displacement, retinal disparities be-
tween the two eyes, visibility of lines and points, or the resolution
of gratings. One is looking, instead, for one figure of merit which
will assess the blur of the retinal image. If this figure is known
then one can assess how it will affect the perception of any kind
of fine detail. The same thing applies to the coarseness of the
retinal, mosaic, micronystagmus, or crosstalk, -between the
retino-cortical pathways.

It is only when one gets to the performance of a task that one
has to break the problem down into the specific kinds of fine de-
tail that have to be perceived, and here one does not limit him-
self to perception of fine detail at the fovea, but to perception of
fine detail at various distances from the fovea, and how eye
movements, and head movements, and peripheral vision are in-
volved in the performance of the task.

It is not important for the purpose at hand to review the nu-
merous laboratory studies of visual acuity which have been made.
However, it is important to show how one can isolate and study
separately the different factors involved.

Assessment of blur. One way to specify blur is to give the
spread function for a line. For the spread function one can
derive a single index to specify the amount of blur. An example
of this kind of index is the Fry-Cobb index, which represents
the ratio of the total area under the curve to the central ordinate.
Fry and Cobb used threshold measurements for a narrow bar
for assessing the blur index and the spread function. Others
have used the effect of blur on the contrast of a sinusoidal grating
to determine the contrast-transfer function from which the spread
function can be derived.
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Assessment of coarseness of the retinal mosaic. At high
contrast and at high levels of luminance, the coarseness of the
retinal mosaic is the limiting factor in the resolution of a grating.
Another approach to this problem is to view a single, bright line
through a double slit which forms an interference pattern on the
retina.

Retinal optics. The most striking effect related to retinal
optics is the Stiles-Crawford effect, which depends on the obliq-
uity of a beam of light at the retina. The problem can also be
approached through the study of the retinal structures, and ob-
jective measurement of transmission through the retina, and the
bleaching of the pigments. The distribution of these pigments in
different photoreceptors also presents a problem.

Micronystagmus. By the use of various optical arrangements
involving plane mirrors mounted to contact lenses, one can
either measure the movements, or immobilize the image on the
retina. One can also use entopic images and afterimages, which
by their very nature are immobilized.

Retinal interaction. Visual acuity involves the perception of
borders and gradients which make up the fine details that have
to be seen, and, in this connection, visual acuity relates itself to
the study of the effects of blur, and length and configuration of
borders upon their visibility. It involves also the interaction of
borders and the effect of luminance level. : :

Psychological factors. The effects of attention, motivation,
and learning on visual acuity illustrate the role played by psy-
chological factors. In reading the letters on the visual acuity
chart, subjects can vary in the level at which they give up when
they sense that their answers involve guessing. The effort to
see may involve adjustment of the motor mechanisms controlling
blur and may, therefore, indirectly improve seeing. Experience
with blurred images helps the subject to develop more confidence
in his hunches. The role of the cortical mechanisms which pro-
cess the incoming information becomes more apparent when the
subject has to process information under conditions in which
the time permitted for processing is limited. It should be noted
that visual scientists may be concerned, primarily, with the study
of performance of tasks, and visual acuity, as such, is of second-
ary importance.

A scientist with this kind of approach can probably be more
helpful in planning a program of acuity testing for the purpose
of selecting people for a given task, or assigning people of dif-
fering capacities to different jobs.
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Those who work in the laboratory also have to be concerned
with the growth and development of the eye. It is also expected
that data will be accumulating on visual acuity at different age
levels with and without glasses. Such data must take account of
sex differences and other related factors.

Furthermore, one has to be concerned with the loss of acuity
from disease and trauma, and the misuse of the eyes that occurs
from the cradle to the grave. Textbooks of ophthalmology are
filled with specific kinds of information about the effects of dis-
ease and injury. A loss of acuity which cannot be corrected with
lenses may call attention to disease or injury, but one must iden-

tify the cause in order to evaluate the ultimate, permanent losses.

Finally, it is the responsibility of the scientist to alert those
responsible for testing programs about new discoveries which
may point to improved methods of testing. The visual scientist
should pay particular attention to objective methods which have
been developed for measuring the blur of the retinal image by
analyzing the quality of the image formed by light reflected from
the retina and relayed by the eye to external space.

Techniques utilizing optokinetic nystagmus are already being
used clinically for measuring visual acuity.

The one new possibility which has just appeared on the horizon
is the use of an oscillating grating which generates an electrore-
tinogram record which can be used in assessing visual acuity.

It was reported by Dr. Riggs at a conference in Rochester in
June, 1964.

The evoked potential from the occipital region of the scalp
might be used in a similar way, and would give a measure of
visual acuity which would represent the response of the visual
system after being transmitted both through the retina and the
lateral geniculate body.
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CLINICAL MEASUREMENT !

Monroe J. Hirsch
School of Optometry
University of California at Berkeley

LABORATORY MEASUREMENT?

Meredith W. Morgan
School of Optometry
University of California at Berkeley

Definition (A)

Optical definitions of the three spherical-refractive states are
relatively simple. Emmetropia is that condition in which rays
from an infinitely distant point source come to a point focus on
the retina when accommodation is suspended. Myopia exists
when, under similar conditions, focus is reached in advance of
the retina; hypermetropia, when the image is focused behind the
retina.

Since the refractive elements of the eye usually do not com-
prise a perfectly spherical optical system, the rays from a dis-
tant point source of light are not brought to a point focus in most
eyes. Rather, a conoid is formed having linear dimension and
delineated by two foci, one for each of the major meridians of
the optical system. This situation produces the fourth refractive
state, astigmatism.

When the refractive state of an eye is measured, the direction
and linear distance of each end of the focal conoid from the retina
is determined. Operationally, however, the results are not ex-
pressed in terms of two linear distances but in terms of the di-
optral power of that lens which, when combined with the optical
system of the eye, will reduce the conoid to a point focus and
place this upon the retina. Such a lens has two components, one
which changes the conoid to a point focus (the cylindrical com-
ponent), and the other which places this point upon the retina

1. Sections A, B, C, D, 1, J
2. Sections E, F, G, H, K
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(the spherical component). These two components, along with
the axis at which the cylinder is oriented, form the customary,
spectacle-lens formula.

Because the clinician deals in lens powers rather than the
linear distances he is really measuring, he sometimes loses
sight of just how delicate a measure refraction is. Clinically,

refraction can be measured within an accuracy of 1/8 diopter (D).

A 3-D lens, when added to the optical system of the eye, will
move the focus one mm. Thus, changes of 1/24 mm in linear
distance of the point of focus can be measured with reasonable
accuracy. This is 40 microns, a pretty small increment of lin-
ear measurement for clinical testing.

Although both eyes of an individual tend to be similar, they
are not precisely similar; moreover, some individuals have a
difference of considerable magnitude between the refraction of
the two eyes. When the difference is marked, the condition is
called anisometropia. In order to describe the refractive state
for one eye, two data are required; for an individual four are
required, two for each eye. Refraction is expressed in terms
of four measurements and in terms of the lens which will move
the focal point of the system rather than in terms of the distance
of the focal point from the retina. i

Clinical Testing (B)

In the optical definitions, refraction is described as being mea-
sured with accommodation suspended. This simple, optical con-
cept is not so readily put into operation in the testing situation.
Accommodation may be suspended through the action of drugs
on the ciliary mechanism (cycloplegia) or through physiological
means, as when the subject attempts to perceive a distant object
through convex lenses slightly in excess of his refractive state
(fogging or cyclodamia). Each method has distinct advantages
and disadvantages; each is widely used in present-day clinical
practice; either yields valid results when used by a trained
clinician.

The two major clinical -testing methods are the objective
retinoscopic test, and the subjective technique with test-type and
trial lenses. In administering either of these, the clinician not
only measures refraction but also assesses the completeness of
accommodative relaxation. In retinoscopy, he is sensitive to
sudden changes in the reflex; he does first one eye, then the
other, going back and forth several times if he is in doubt. In
subjective testing, he is sensitive to qualitative aspects of the
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response as well as the quantitative data being determined. He
interprets his findings with the assumption that some residual
accommodation always remains.

The clinician also is trained to interpret the results of several
tests simultaneously. In clinical practice, visual acuity, the ret-
inoscopic test, the subjective test and, sometimes, the kerato-
metric test are viewed together to determine if concordance
exists among the separate findings. For example, a retinoscopic
finding of 1.00 of myopia for a subject with 20/20 uncorrected
visual acuity immediately indicates that the subject accommo-
dated during the retinoscopic test, cheated during the acuity test,
or manifests a phenomenon new to physiological optics!

The need for clinical experience both in the administration
and interpretation of refractive data presents a major stumbling
block to the use of lay personnel in such testing. This will be
considered again when screening by lay personnel is discussed.
The two clinical techniques, retinoscopy and subjective testing,
may be described briefly.

1. Retinoscopy is the most frequently used objective clinical
and screening method for determining refractive state. During
the test, accommodation is relaxed by chemical cycloplegia, or
through having the subject direct and maintain his fixation upon
a distant object. Through the aperture of the retinoscope, a
hand instrument which shines a beam of light through the pupil
of the subject's eye, the examiner observes the illuminated
retina. As the instrument is rotated, the beam of light traverses
the retina, and a shadow is observed to move; the direction in
which this shadow moves tells the examiner whether myopia or
hypermetropia exists. Its speed indicates the degree—the faster
the motion, the less the refractive error.

The examiner, noting the speed and direction of the shadow
as he rotates the instrument, introduces appropriate lenses of
known power before the eye; lenses are added until a neutral
(infinitely fast) motion is produced. What is happening is that
light, coming from the retina as a secondary source, is being
brought to a focus closer to the aperture in the retinoscope as
appropriate lenses are added. The closer the focus comes to
the aperture, the more rapid the motion of the reflex; when neu-
trality is reached the motion is infinitely fast, and the examiner
recognizes this as the moment when the lens before the subject's
eye is a measure of the refractive state. A correction is made

for the distance between the subject's eye and the examiner's eye.

During the test, lenses may be introduced before the eye by
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means of a lens bar, by individual trial lenses, or by a device
with discs containing many lenses (phoroptor).

It has taken about a minute to describe this test; it takes a
clinician about as long to perform it on one subject. It requires
many months of practice, however, before the clinician can de-
pend on his findings; it takes years before clini ans develop
sufficient mastery of the technique to depend on the results with
a high level of confidence.

2. In subjective testing, the other method of determining re-
fractive state clinically, the same procedure of introducing vari-
ous lenses of known power is used. Here, however, instead of
the examiner noting the appearance of the eye as he comes closer
to bringing the eye into perfect focus for a distant object, the
subject is asked to report the appearance of test letters placed
20 ft from him. Systems of test charts and such psychophysical
methods as bracketing are used to lead the examiner ultimately
to the single lens which best fills the requirement of bringing
the eye into perfect focus.

The number of subjective techniques is legion. Every clinician
learns to depend on a battery of perhaps a half-dozen which he
uses routinely; he knows a hundred more if these fail to elicit
a response which he deems valid.

The art of subjective refraction is essentially a study in com-
munication. The examiner communicates which form of discrim-
inative judgment he wishes the subject to make, and aids the
subject in communicating his conclusions. During the entire
procedure, conditions are altered slightly, and the subject's
responses are elicited. Each response suggests another compar-
ison for the examiner to present.

Retinoscopy is a testing skill which is acquired slowly by
clinicians; the performance of a subjective test is a skill which
requires an even longer time to master. Only after much prac-
tice does the clinician become competent in this combination of
applied psychophysics and communication. At one time or an-
other, the examiner resorts to just about every one of the psy-
chophysical methods.

Professionally Administered Screening Tests of Refractive
State (C)

It is often desirable to determine the refractive state of a large
number of persons, for instance, in a school population, or in
testing for military service. Because refractive state is corre-
lated with other tests which may be administered relatively
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simply, it is not always necessary to measure refractive state
per se. For example, since myopia of any appreciable degree

is accompanied by a decline in vision, acuity-testing will identify
those with clinically significant myopia. Astigmatism, on the
other hand, is not as readily identified, and, among people under
the age of 40, hypermetropia is still more difficult to identify
without testing for it directly.

If a relatively accurate assessment of the refractive state is
desired on a large sample of people, the retinoscopic technique
is the method of choice. A trained clinician can perform reti-
noscopy with considerable accuracy at a rate of about one per
minute. During a school day, it has been the experience of the
author to find examiners doing between 250 and 300 children in
five hours. The trained examiner must be assisted by a secre-
tary to record his findings, and a monitor to facilitate the flow
of subjects. The test is performed in much the same manner as
in clinical practice; what modifications are introduced are to
accommodate the flow of traffic; modifications are not in the
basic technique nor in the concept of retinoscopy.

In performing retinoscopy, one requires in addition, of course,
to a retinoscope, a fixation target, and some manner of rapidly
introducing lenses before the eye. In school surveys, a continu-
ously running, motion-picture cartoon projected on a screen 20
ft from the subject serves admirably (Hirsch, 1950). Lenses
are most easily introduced by a lens bar. The steps of the lens
bar can be made to fit the criteria of the particular test situation.
In the Orinda study, for example, lens bars with 0.50 D steps
were used. In the author's work of accumulating research data,
0.25 D steps are used so that with measuring between steps, the
theoretical accuracy is 0.12 D. In addition, the subjects being
tested were a pair of plus sphere spectacles to aid in physiologi-
cal relaxation of the accommodation (Hirsch, 1950).

Because retinoscopy is so rapid and accurate, other screening
tests are usually not used when professionals perform screening.
It can be stated categorically and emphatically that there is no
reason to consider screening methods other than retinoscopy
unless one has no trained testers available.

An Evaluation of Professional Testing (D)

The refractive state can be determined within very close toler-
ances by the methods described. Good clinicians rarely differ
from each other in their results on a given patient by more than
0.25 D for the refraction in any given meridian. The spectacle
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lens which is ultimately prescribed for a patient is a modification
of the refractive state as determined by testing; yet, even here,
good clinicians differ from each other by very small amounts in
the spectacle lens they would prescribe.

In regard to the specific tests, subjective testing will yield
very similar results among clinicians. In retinoscopy, under
screening conditions, a comparison was made by the author of
the results obtained by different internes in optometry who were
not aware that a comparison was being made (Hirsch, 1956).
During a screening, the same child merely went through the line
twice and saw a different interne each time. The refraction dif-
fered by 0.25 L, or less, 71 per cent of the time; the refraction
differed between 0.26 and 0.50 D for 17 per cent of the eyes.

For 12 per cent, the two tests differed by 0.51 to 0.75 D; in no
instance was a difference of more than 0.75 D encountered. When
it is considered that these were optometry internes who had been
doing retinoscopy for less than a year, it is realized that the re-
sults for well trained clinicians would be within such remarkably
close limits. It should also be noted that these tests were con-
ducted at a rate of about 250 determinations per school day, or
one per minute.

It is safe to conclude that a well trained clinician can do reti-
noscopy on both of a subject's eyes at a rate of about one subject
per minute; if great accuracy is required, the rate might be
slightly slower, but surely at least 40 subjects per hour could
be tested. Under these conditions, clinicians would be expected
to agree with each other (reliability of the test) within a quarter
of a diopter about 75 per cent of the time, and never disagree
by more than 0.50 D.

In the clinical situation, with both retinoscopy and subjective
testing performed, the time required to determine the refractive
state would be between 5 and 10 minutes per subject. Repeat-
ability within limits of 0.25 D should be achieved just about 100
per cent of the time.

Because the term 'refraction' is used to describe both one
aspect of vision-testing and also the over-all vision test, a word
of clarification is required Liere. A complete visual examination
or "refraction' usually includes tests for pathology, a case his-
tory, tests for muscular balance, accommodation, convergence,
and, possibly, other aspects of vision; it requires quite a bit of
time, depending on the completeness desired. The determination
of the refractive state or refractive error which is being dis-
cussed here can be achieved in less than five minutes clinically
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or about a minute in screening situations. This is one part of a
total '"refraction."

Laboratory Testing (E)

The clinical determination of refractive error involves not only
the measurement of the error but also the determination of a
lens correction that will be acceptable to the patient and which
will promote efficient and comfortable use of the eyes. Thus,
the aim of the clinical measurement is not just to measure the
error of refraction, but it is also concerned with its correction.
Proof that the error has been measured and corrected properly
is determined by such factors as improved visual performance,
report of increased comfort, and, most importantly, by patient
satisfaction. Clinicians believe with Cervantes that, ""The proof
of the pudding is in the eating."

Over the years, clinicians have developed techniques for the
subjective determination of ametropia which will result in satis-
factory corrections. These techniques are modified psychophys-
ical measurements with built-in biases, such as the concept that
the spherical error is represented by the strongest convex sphere
which creates maximum acuity, or the concept that the astigma-
tism is represented by the weakest cylinder which creates maxi-
mum acuity. In essence, the aim of clinical refraction is not the
determination of the error of refraction but its correction.

From the laboratory point of view, however, the aim is to
determine the error of refraction with little regard to patient
acceptance of the correction. In order to measure the degree of
ametropia, a large number of optometers have been developed.

In general, these optometers are either subjective or objective.
Subjective optometers require the patient to make a judgment

or to report what he sees. Objective optometers merely require
the patient to maintain fixation. '

The most fundamental subjective optometer is that of Scheiner.
This consists primarily of a diaphragm containing two small
apertures centered before the pupil (Fig. 1). If the retina is con-
jugate to a distant light source, the subject is emmetropic and
reports that he sees only one light. On the other hand, if the sub-
ject has a refractive error, he will report that he sees two lights.
The measurement of the error is accomplished by placing a lens
before the diaphragm which will make the retina conjugate to the
distant source.

The Scheiner principle has been incorporated in other optom-
eters, such as that of Young and that of Fry. Young's optometer
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FIG. 1.*

is illustrated in Fig. 2. Here, the diaphragm before the eye con-
tains two vertical slits, separated by about 1-1/2 mm. In front

of this diaphragm is located a convex lens of about +10.0 D. Then
a thin pin or line object placed 10 cm before this lens would be
represented on the retina of an emmetropic eye as a single image.
If the eye were myopic, the pin would need to be brought nearer
the lens; if the eye were hypermetropic, it would need to be
pushed away from the lens. The degree of ametropia in the me-
ridian, at right angles to the slits, can be determined by the posi-
tion at which the pin is seen as a single object.

*Figures 1-8 in this paper reproduced from H. H. Emsley, Visual optics,
1952, Hatton Press, London, with permission of the publisher.
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Fry's optometer (Fry, 1937; 1945) is essentially a modifica-
tion of Young's. In this case, however, the slits are created in
the plane of the pupil by optical rather than by physical means.
Also, one slit is placed eccentrically in the upper half of the
pupil while the other is in the lower half, either centrally or
eccentrically. Thus, the optometer object is conjugate to the
retina when the subject reports a coincidence of the two streaks
of light. This optometer, using the aligning power of the eye, is
more sensitive than those depending on resolution.

Other optometers have been designed using stigmatoscopy in
which the point conjugate to the retina is determined by using
a small point source of light and a Badal optometer. Here, con-
jugacy is determined when the image has its smallest diameter
or the light appears brightest.

Still others have used the chromatic aberration of the eye.
This principle is shown in Fig. 3.

Cobalt
Glass

FIG, 3.

Another type of subjective optometer is based on visibility.
The assumption is made that objects which are conjugate to the
retina can be seen under lower contrast and lower luminance
conditions than objects which are not in sharp focus. Such a
sensitometric optometer has been designed and used by Luckeish
and Moss (1943).

In addition to the various subjective optometers, a number of
objective optometers have been designed and used. Some of these
employ the principle of the ophthalmoscope, in which an image
of the subject's fundus is observed through a viewing telescope.
In others, an image is created on the subject's fundus. In either
case, the focus required to see the fundus sharply, or the image
on the fundus sharply, can be determined, and this gives a direct
measure of the refractive error. The two best-known instru-
ments of this type are the Zeiss Parallax Refractionometer and
the Rodenstock Refractionometer. The optical system of the
Zeiss instrument is shown in Fig. 4.

The Fincham Coincidence Optometer is somewhat similar to
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the Zeiss and the Rodenstock instruments, except that the prin-
ciple of coincidence, rather than sharpness, is used to tell
whether the instrument is in focus. Here, an image of a fine-
line target is formed on the subject's retina which is viewed by
an examiner through a telescope with an optical doubling and
displacing system, so that the resulting two half-lines are out
of alignment and blurred if the object is not conjugate to the
retina. The adjustment of the dioptric stimulus value of the fine-
line target to obtain sharpness and alignment of the two half-
lines gives a measure of the ametropia. The optical system of
the Fincham instrument is shown in Fig. 5.

Collins (1937), Campbell (1956), Allen (1960; 1961; 1962) and
others have all described electronic optometers. In general,
electronic optometers detect either the intensity or the move-
ment, or both, of aerial images or retinal images by means of
photomultiplier tubes. These devices operate very rapidly, and
successfully detect small, rapid fluctuations in accommodation.
So far they have not been used successfully to measure states
of refraction.

In 1962, Howland and Howland (1962) reported on a photo-
graphic objective optometer. As far is known, this device has
not been used to measure the refractive error of human ob-
servers.
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FIG. 5.

Lay Testing (F)

Obviously, there is a relationship between uncorrected errors

of refraction and visual acuity, particularly in regard to myopia
and myopic astigmatism. From time to time, it has been pro-
posed that this measurement of visual acuity is all that is needed
to reveal significant errors of refraction. If this should be true,
individuals could be screened for the presence or absence of
significant errors by the simple process of determining the acu-
ity in each eye. Such tests could be performed by trained lay-
men or nurses.

In 1961, Peters (1961) reported on a study of the relationship
of visual acuity and refractive error for individuals in the age
groups of 5-15, 25-35, and 45~55. The results are shown in
Figs. 6, 7, and 8. It will be noted that Peters avoided the use of
equivalent sphere by reporting the data with cylinder power
plotted as the ordinate and spherical power as the abscissa. The
smooth curves are lines of iso-oxyopia-equal visual acuity. The
curves do not, however, indicate whether with-the-rule or
against-the-rule astigmatism is more significant.

It is apparent from these graphs that visual acuity decreases
in a uniform manner with increasing myopia at all age levels.
The change with hypermetropia differs, particularly in the older
group. While it is possible to use these graphs to predict prob-
able visual acuity if the refractive error is known, it is obvious
that it is not possible to estimate the type and degree of the

error if the visual acuity is known.
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The Eames Eye Test (World Book Co., 1938) and the Massa-
chusetts Vision Test (Welch-Allen, Inc., 1950), which are de-
signed as vision screening tests to be performed by laymen,
attempt to measure the degree of hypermetropia, within limits,
by the utilization of a plus sphere test. Stewart (1950; 1956) has
evaluated this technique and found that there was a poor corre-
lation between the test results and normal clinical refractive
procedures.

Other more complex devices, usually stereoscopes, such as
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RELATION BETWEEN REFRACTIVE ERROR AND VISUAL ACUITY
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the Telebinocular, the Ortho-Rater, and the Sight-Screener,

have been designed for visual screening by laymen. Since the
ability of these instruments to detect the type and degree of ame-
tropia is largely a function of the measurement of visual acuity,
it would appear that these devices offer little hope for the satis-
factory measurement of refractive error (Blum, Peters, & Bett-
man, 1959).

Evaluation of Laboratory and Screening Techniques (G)

Before methods of evaluation can be discussed, it is necessary
to establish some standard to which these various techniques

can be compared. As has already been mentioned, clinicians
tend to use the standard of patient reaction. If there is any single
criterion that clinicians tend to trust the most, particularly when
applied to adults, it is the measurement of the refractive error
by subjective techniques. If this criterion is applied to the re-
sults of subjective optometers, it will generally be found that
these optometers give results which indicate that the ametropia
measured is more myopic than that determined by clinical sub-
jective refraction (Fry, 1937; Luckeish & Moss, 1943; Morgan,
1944; Nadell, 1956).

The objective optometers, such as the Rodenstock and the
Fincham, are used by some clinicians, particularly in Europe,
instead of retinoscopy. The fact that these same clinicians still
do a subjective refraction before prescribing lenses indicates
that these instruments, even in the hands of experienced clini-
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cians, are not precise enough for dependable refraction, if pre-
cise means a prescription that a subject finds acceptable in
terms of performance and comfort.

The reasons for differences between clinical subjective deter-
minations of ametropia and the optometer determinations are
not precisely known. First of all, clinical subjective refraction
has a plus bias since the most convex lens power, giving maxi-
mum acuity, is generally accepted as the proper lens. Second,
this lens is determined by noting the subject's responses to an
altered stimulus situation. In other words, the measuring lens
also affects the stimulus pattern. Third, many optometers do
not utilize the whole of the pupillary aperture. Thus, the error
measured by these devices is not the mean error for the whole
aperture, but an error measured, using only a portion of the
aperture. Fourth, clinical refraction utilizes complex targets
such as Snellen letters, and, hence, perceptual responses are
utilized as will be true when 4 lens correction is worn. Such is
not the case in optometers. In most optometers accommodation
is difficult to control because of the proximity of the testing
target.

This difference between clinical subjective refraction and re
fraction by optometers is usually not great. There are times,
however, when this difference is great, and unfortunately, these
times cannot be predicted or identified in advance. Optometers,
particularly the electronic ones, are useful not so much as de-
vices for determining ametropia but as instruments for the
automatic, rapid recording of changes in accommodation. In a
sense, they are useful in the determination of relative and not
absolute refraction.

Distribution of Refractive Errors (H)

A good deal is known about the distribution of refractive errors
in non-selected samples of school children between the ages of
6 and 15. Unfortunately, not very much is known about the dis-
tribution below age 6 or after age 15, for non-clinical samples.
The Orinda Study (Blum et al., 1959) found in the youngest group
tested, ages 5, 6, 7, that 18 per cent had a "vision problem" (not
all "vision problems" were refractive), and in the oldest group
tested, ages 13, 14, and 15, that 31 per cent had a "vision prob-
lem." Most of this increase was due to an increase in myopia.
In 1958, Morgan (1958) reported on the refractive errors of a
small group (N = 95) of 34-year clds, selected on a non-visual
criterion. Of these, approximately 45 per cent of the females
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had a refractive error that was corrected, or needed correction,
whole only 25 per cent of the males needed lenses, or just about
37 per cent of the group as a whole had refractive errors needing
correction. In contrast to the change in the school children, the
increase in the need for correction in this older group was
largely due to hypermetropia and astigmatism. This need for
correction was not necessarily due to changes in the degree of
ametropia but was due in part to the decrease in accommodative
amplitude with age.

As the age of the population studied becomes older, the dif-
ferences between a general, non-selected sample and a clinical
sample become less and less and probably have no significance
when the population age reaches 55. On the basis of clinical
samples, it is known that the percentage of the population with
correctable hypermetropia and against-the-rule astigmatism
increases more than the percentage of other errors and that by
the age of 60, about 40 per cent of the population has refractive
errors, not including presbyopia, which need correction (Hirsch,
1958). If presbyopia is included, nearly 100 per cent of the popu-
lation suffers from an anomaly of ocular focus by the age of 50.

The Difficulty in Setting Refractive State Standards (I)

In the report of Working Group 20 presented to the Armed Forces-
NRC Committee on Vision, Drs. Jampolsky and Morris and the co-
committee members suggested that the varicus visual attributes
be evaluated on a scale of visual fitness ranging from grade I to
X (Jampolsky & Morris, 1964). But while such attributes as vis-
ual acuity or accommodative amplitude may be described by a
single numerical value, refraction is usually described by sev-
eral numbers. In order to place refraction on a simple scale, it
would be desirable to reduce refractive data to a single value.
In describing an individual's refractive state, one deals with
the following values:
1. spherical error for each eye
a. nearsightedness, or myopia
b. farsightedness, or hypermetropia
2. astigmatism for each eye
a. With-the-rule, or direct astigmatism
b. Against-the-rule, or inverse astigmatism
3. difference between the two eyes, or anisometropia.
In order to set refractive error on a scale, each of the attri-
butes must be evaluated. A perfect refractive state is easily
identified on an optical basis. Grade I would include those sub-
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jects who had no spherical error and no astigmatic error in
either eye. However, such visual systems are almost non-exis-
tent in the human population. Grade I must also include some
degree of error. But how much astigmatism is an equivalent
error to how much spherical error? How much hypermetropia
is equally undesirable to how much anisometropia ?

There are no simple answers to these and similar questions.
Were visual acuity the sole criterion, the problem would be rela-
tively simple. The effect on acuity of refractive error has been
studied by many investigators; most recently, Peters (1961) has
presented a graph for predicting distance acuity from refraction.
But distance acuity is not the only consideration. The effect of
certain refractive errors on near acuity is different from the
effect on distance acuity. The effect of refractive error on bin-
ocular achievement is a further complication.

As a first approach to the problem, a system has been devised
by the authors for reducing the data of an individual's refractive
state to a simpler form.

A Suggested Plan for Scaling Refractive Data (J)

On a grid marked off in quarter-diopter steps, the refractive
state of an eye can be plotted. The abscissa represents power
in the horizontal meridian; the refractive error in the vertical
meridian is represented by the ordinates. Such a grid is shown
in Fig. 9. On this grid, one can identify the various refractive
conditions.

The point X is zero in each meridian and, hence, is emmetropia.
The squares filled in along the 45-degree (°) slope represent the
spherical refractive state; those that are cross-hatched are
spherical hypermetropia; those that are darker are spherical
myopia. Square Y represents a refraction of +2.25 Diopters of
sphere (D.S.), and square Z a refraction of -2.00 D.S. Any point
above the line represents against-the-rule astigmatism; below
the line is with-the-rule astigmatism. The further the point is
from the 45° slope, the more the astigmatism. Thus, all points
marked No. 1 have 0.25 D of against-the-rule astigmatism; all
points marked No. 2 represent 0.50 D of inverse astigmatism;
No. 3 is 0.75 D, No. 4 is 1.00 D, etc. Similarly, squares marked
with primed numbers have with-the-rule astigmatism of appro-
priate amounts. Squares No. 1' represent 0.25 D, squares No. 2'
represent 0.50 D, etc.

On such a grid, the refraction of two eyes can be plotted.
Squares A and B are placed, for example, to represent two eyes.
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Square A would be an eye which had refraction of +1.50 in the
horizontal meridian, and +0.50 D in the vertical. The spectacle
lens correcting such refraction would be

+1.50 = -1.00 x 180, or
+ 0.50 = +1.00 x 90.

Point B, representing the other eye, has a refraction of +2.75 D
in the horizontal meridian, and +3.00 D in the vertical. Its spec-
tacle formula, of course, is

+3.00 = -0.25 x 90, or
+ 2.75 = +0.25 x 180.

On such a graph, isoptors could be drawn which represent
the various grades. The basis for drawing the isoptors would
have to be determined by a group of experts in refraction. These
experts would have to agree upon the degree of hypermetropia,
astigmatism, and anisometropia which would be allowed in each
grade. If hypermetropia were deemed to be less of a handicap
than myopia (as it is in the lower grades at least), the isopter
would encompass more area to the right than to the left of the
origin. If against-the-rule astigmatism is more serious than
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with-the-rule astigmatism, then the isoptors would encompass
more area below the 45° slope line.

A set of theoretical criteria were accepted here, for example,
to illustrate the use of such a graph. It is stressed that the ulti-
mately accepted criteria, however, would require the pooled
experience of a group who work with refraction.

TABLE 1. Theoretical Criteria for Isoptors

Grade Myopia Hypermetropia WR Astig. AR Astig.
| none 0.75 0.25 0.25
11 0.25 1.25 0.50 0.50
111 0.75 1.75 1.00 0.75
IV 1.25 2.25 1.50 1.00
\% 1.75 2.%5 2.00 1.25
Vi 3.00 3.50 2.50 1.50

The isoptors corresponding to these criteria are shown in
Fig. 10. For a single eye, the graph has no value over a simple
table of criteria. However, there are advantages, when an at-
tempt is made to incorporate the data for the two eyes into a
single value or grade of visual fitness.

It has been noted that if each eye is plotted graphically, the
distance between the two points is a measure of the anisome-
tropia. For simplicity, this distance may be expressed in terms
of the number of moves it would take a king on a chess-board to
reach one point from the other. The king, it will be recalled,
can move one square in any direction. Referring to Fig. 10, it
is noted that to go from A to B, the minimum number of moves
is 10. To go from Y to B takes 3 moves. To go from X to Y
takes 9 steps. To go from A to Y takes 7 steps, etc.

In expressing the refractive state for an individual, therefore,
the data have been reduced to three values; the grade for the
right eye, the grade for the left eye, and the number of steps
separating them. A simple formula could be used to reduce
these three to a single grade. Inherent in it would be an evalu-
ation of the degree of difficulty anisometropia might be expected
to bring about. An example of such a formula (not necessarily
the one which should be used) is presented here:
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the grade for the right eye

Let B = the grade for the left eye
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A few examples will suffice to demonstrate this simple relation-
ship.

Example 1
Righteye +0.75 1+1+0 =1=Grade
3

Left eye + 0.75 ;

Example 2
Right eye 0.00 1+1+
2

= 2 = Grade

3
3
Left eye + 0.75

Comparing these two examples, it is seen that the second pair
of eyes, although each eye is Grade 1, will get a score of Grade
2 because of the 0.75 D of anisometropia.
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In this formula, what is being done is averaging the grade of
the two eyes, and adding a factor to express degree of anisome-
tropia. But a final formula need not follow this. The denominator
of the anisometropia fraction can be any number selected. If the
denominator of the second expression is two, more emphasis is
being placed on anisometropia; if four is selected, less emphasis
is being placed on anisometropia. The formula, needless to say,
is only as valid a measure of visual fitness as the judgments
which go into its construction.

Also, the denominator of the first expression was selected as
two. However, this could just as easily be one or three. This
would depend on a judgment of how important the second eye is.
Insofar as distance acuity is concerned, the poorer eye of a
pair contributes little.

What has been presented is a method of reducing the complex
data for refraction of a pair of eyes to a simple grade of visual
fitness. It is suggested that if visual fitness is to be placed on
a scale, a group of experts in refraction determine the exact
location of the isoptors and the exact nature of the equation.
Once these are established, a clerk could be trained to grade
refractive data quite rapidly. The validity of the grades assigned,
however, will always be no better than the data which go into
establishing the isoptors and formula. These serve only to sim-
plify complex, interacting variables into a single value; they do
not increase the validity of the basic assumptions.

Conclusions (K)

Refractive errors may be measured by clinical and laboratory
techniques. The best laboratory techniques which can be used
by laymen involve the use of objective optometers. Such tech-
niques, however, cannot be used to indicate the absolute need
for nor the prescription for a correction. Refraction cannot be
isolated from a consideration of visual needs, the amplitude of
accommodation, and the state of binocular vision. There can be
no positive substitute for clinical judgment.
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THE MUNSELL COLOR-CIRCLE AND THE
FARNSWORTH-MUNSELL 100-HUE TEST

Arthur Linksz
School of Medicine
New York University

The Farnsworth-Munsell 100-Hue Test consists of a selection
of movable, colored paper chips. Together and in proper order,
these chips form a Munseli color circle. As is well known, a
full Munsell circle consists of 100 hues. For the purposes of
this test, the number has been reduced to 85 samples, since
some samples were found to be redundant and were dropped.
Fig. 1 demonstrates the loci of these 85 color chips in the I.C.I.
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FIG. 1. Locus of 85 hues of Farnsworth selection in chromaticity diagram.
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chromaticity diagram, arranged in a circle around "C," the

locus of standard white (or gray). The distribution is quite even
and the distance of the individual samples from "C' quite uniform.
All of the samples are rather desaturated, and they are more or
less equal in brilliance. It is the hue, not the chroma, not the
value, for which the chips are to be compared and by which they
are to be differentiated.

One cannot help suspecting a certain artificiality in a color
circle which consists of 100 hues. One will suspect that such a
round number is a predetermined number. Quite likely, Munsell
dropped some samples or, even more likely, added some for the
sake of the roundness of the figure. This has been rather well
corrected in the Farnsworth selection. The Farnsworth selection
comes closer to Munsell's ideal than Munsell's own: the 85
samples do differ from each other by a "just noticeable difference
in hue," while among the original 100 samples some are hardly
distinguishable. A certain added artificiality, the interference
of a predetermined scheme, manifests itself in the allocation of
color names, and in the distancing of the primal hues. The 100
hues of the Munsell circle are divided into five equal compart-
ments—a division which has no physiological basis whatever.
However esthetically attractive Munsell's five-pointed star
arrangement is to the eye (Fig. 2), there can be only four primal
loci in a color circle—any color circle—because there exist
only four color modalities, and the distance from one primal
color to the next need not necessarily contain an egual number
of discernible steps. True, an equal number of steps exists
between neighboring primal colors in the Ostwald circle of
colors also (Fig. 3). However, the Ostwald arrangement is
frankly based on theory (Ostwald had a theory about how colors
should blend), while Munsell's sequences are not. They are
based on the principle of the "just noticeable difference in hue."
One must, therefore, expect some arbitrariness in selection if—
in spite of the principle—steps each from Red (R) to Yellow (Y)
to Green (G), and from Green (G) to Blue (B). There are also
twenty steps each from Blue (B) to Purple (P), and from Purple
(P) to Red (R) which, of course, means that there are, in fact,
forty steps from Blue to Red. The capital letter P notwithstand-
ing, purple is no primal color. The name is attached, for reasons
of design symmetry, to some balanced blend between blue and
red. Purple is only one of the great number of hues which are
blends of blue and red.

Farnsworth's selection of 85 samples (Fig. 4), even if a more
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FIG. 2. Munsell color circle.

realistic selection, perpetrates some of these questionable fea-
tures of Munsell's. The number of blended hues between R and
Y, between Y and G, and between G and B is constant once made,
and the number of blended hues between B and R is again twice
this number. To be sure, the number of discernible blended
hues between primal blue and primal red is, in fact, larger than
the number of discernible hues between any other two primal
colors, say, green and blue. In this respect, Munsell came closer
to sensory reality than Hering or Ostwald. Munsell's designa-
tion of the blend between blue and red with a single letter, '"P,"
has also been retained by Farnsworth. Retention of these poorer
features of the Munsell arrangement, and especially the artifi-
ciality of the symmetric pentagonal arrangement, led to such
obvious inconsistencies as the agssignment of the notation "R"
(for primal, sensorially pure Red) to chip #1, the dominant wave
length of which is given as ca. 610 mu. Farnsworth's '"R" is
obviously a yellowish red and so is, of course, any spectral red.
The notation "YR' (for balanced orange) is, again for symmetry,
assigned to chip # 10, the dominant wavelength of which is given
as ca. 585 mu. To normals, the hue of this wavelength is a yel-
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lowish orange. Balanced orange is at ca. 601 my of the spectrum
(Rubin, 1961) and Farnworth's "R" is much too close to this
spectral locus. The "Y" chip in the Farnsworth selection is in
its proper place, at or near 576 mpu. As far as the locus of pure
Blue is concerned, one feels again that considerations of sym-
metry prevailed over those of sensory. The notation "B" is as-
signed to chip # 54, the dominant wavelength of which is given
as ca. 483 my; while in Rubin's large sample, normals localized
pure blue at or near 468 my, and Dimmick and Hubbard (1939)
placed it at 476 mu. Farnsworth's locus '"B" is a still greenish
blue. Chips # 62 to # 64 are probably purer blues. -

Of course, any great rigidity in the assignment of color names
to particular samples with a particular dominant wavelength is
of questionable merit. Even the two just quoted data regarding
primal blue indicate that there is some uncertainty as to the
"exact'' localization of colors in the spectrum. This uncertainty
is even more obvious in the green. Chip # 36 of the Farnsworth
selection carries the notation ""G" (for pure Green), and its
dominant wavelength is marked at ca. 525 mu. As is known from
an outstanding study by Rubin (1961), this wave length does not
represent pure green for all or even for most color normals.

A chip with this dominant wavelength will appear pure green to
some color normals but will be an already yellowish green to
possibly a majority of them, to all those for whom pure green

is at or around 514 my; to this wavelength Farnworth's selection,
chip # 39, is the nearest fitting. On the other hand, to the first,
the 525 mpy, group, 514 my is an already bluish green. Neither is
the pure green of either the deuteranomalous or the protanomal-
ous at 525 my. According to Rubin's studies, these loci are at
520 my, and 502 my, respectively. All of these three loci fall into
the Green-Blue, quintant of Farnsworth's pentagon. Farnsworth
has, obviously for the sake of five-pointed symmetry, somewhat
over-shortened both the Red-to-Yellow and the Green-to-Blue
sides of what should be an irregular quadrangle (rather than a
pentagon). The Blue-to-Red side which, according to his notation,
runs from chip # 54 to chip # 85, is in reality not quite that long.
Even if it hurts the symmetry of design, the notation ""R" of the
Farnsworth diagram should actually be shifted somewhat further
clockwise into the region of the spectrum gap where it really
belongs. Pure red is no spectrum color (Dimmick & Hubbard,
1939), and 610 my is far from being red. This shifting would

add some chips to the quadrant between red and yellow. Simi-
larly, the "B' notation should be shifted in the counterclockwise
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direction. The five-pointed arrangement inherited from the
Munsell notation system and printed into the clinical test blanks
should be abandoned. It certainly adds nothing to the validity
and accuracy of the test.

The 100-Hue Test, as it is known, represents a superior
achievement. It is, in the experience of the author, the most
versatile of all color vision tests. As far as the accuracy of
analytical diagnosis is concerned, it is surpassed only by the
anomaloscope, which, on the other hand, has a much narrower
range of applicability. It is unnecessary to discuss here the fact
that the anomaloscope is restricted in its usefulness to the anal-
ysis of red-and-green deficiencies, while the 100-Hue Test is
equally well suited for the diagnosis of yellow-and-blue (or blue)
deficiencies, all those rather common but, so far, much neglected
deficiencies of color vision that come with certain ocular disease
(or with advancing age). It must, therefore, be emphasized that
the purely theoretical remarks just made will not in any way
reflect on the usefulness of the test. Whatever names the entry
form assigns to individual chips of the array of 85 samples used
in this test does not actually matter.

Stripped from all unessentials, the Munsell and the Farns-
worth circles are object color circles with four loci for the four
primal colors. All object color circles have four such loci of
equal rank and display certain ordered combination among the
four primal hues. All have the Hering circle as their prototype—
whether their originator is or was an adherent of the four-color
theory or not. Yellow is always flanked by red and green, its
two compatible companions, but never by blue, its opponent color.
Yellow cannot be bluish. Green is always flanked by yellow and
blue, its two compatible companions, but never by red, its op-
ponent. Green cannot be reddish. And this settles the circular
arrangement. There is no other way to arrange object colors.
The chromaticity diagram was certainly not constructed with an
eye for any circular arrangement of color. It was developed to
emphasize its tri-parameter aspects. Still, it turned out to be
a circle, essentially. It is a circle distorted into a horseshoe
shape to agree with certain mathematical considerations but still
a circle, and the Munsell arrangement of colors fits into it quite
naturally (Fig. 5). There are four primal loci in it, and the same
ordered combinations between hues as are to be found in any
other color circle. (Numbers are added to indicate the appro-
priate spectrum wave lengths.) But one can go find them. Even
in the spectrum, yellow is flanked by red and by green, while
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blue nowhere appears mixing with yellow, and green s localized
between yellow and blue, while nowhere has red any comimon
border with it. No wave length exists which would simultancously
evoke a red and green sensation or a yellow and blue sensation.
Color circle or spectrum red and green sensations are incom-
patible and so are yellow and blue.

4
(N0

Munsell Value 5/

0 02 04 06  08x

FIG. 5. 1.C.1L. chromaticity diagram with arrangment of
Munsell colors.

The superiority of the Farnsworth circle over the original
Hering arrangement rests in its factual asymmetry. The Hering
circle (Fig. 6) is too symmetrical, and much too rigid in the
presentation of colors.

In the Hering circle (or the Ostwald circle), opponent colors
like yellow and blue are placed 180~ from each other, at opposite
ends of a diameter, and the two opponent color diameters (the
red-to-green diameter, and the yellow-to-blue diameter) are
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FIG. 6. Hering's color circle with two sets of
opponent color crescents.

perpendicular to each other. The arrangement of the blended
colors is also symmetrical, and the number of significant steps
from one primal color to the next is presented as being equal.
The criticisms just voiced against the Munsel circle are here
even more justified. Not only is one man's green more often
than not another man's blue green or yellow green, as already
discussed, not only is there a certain inevitable variability in
the exact locus of primal hues as determined by different ob-
servers, but it is entirely unjustified to assume any a priori
equality in the number of discernible, blended hues between two
given compatible primal hues. Only experiments—painstaking
experiments like those first carried out by Munsell—can deter-
mine their number.

But the greatest shortcoming of the Hering circle, with its
rigid four-quadrants symmetry, is that it quasi precludes the
separation of the deutan and protan subtypes of red-and-green
color deficiency. The same would be true of the tetartan and
tritan subtypes of yellow-and-blue color deficiency. Hering's
achievement, of course, was superior. His theory is basically
correct—whatever the number of pigments which mediate color
vision—and it turned out to have the most remarkable prediction
value. It is known today that no red-blind or green-blind people
exist and that, in fact, both protanopes and deuteranopes are red-
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and-green-blind, even if the pigment present in the fovea of the
protanope is called chlorolabe (Rushton, 1962). All this follows
logically from the opponent colors theory, and so does the fact
that both protanopes and deuteranopes have two opposing areas
of complete lack of hue in their circle of colors. They and their
anomalous cousins all "confuse'' colors along opponent diameters
in the color circle. Farnsworth's color vision tests make sense
only if one interprets their results in terms of opponent colors.
The tests clearly show that what is generally involved in a color
vision deficiency is either the red-and-green diad, or the yellow-
and-blue. Both Farnworth tests, the 100-Hue Test, which is the
subject of this paper, and the Panel D-15 Test, are essentially
tests which reveal an involvement along a diameterl—a diameter
which connects two opponent and more or less complementary
areas of the Farnsworth color circle. Obviously, all that is nec-
essary is to forego the rigid symmetry of Hering's scheme for
the more natural arrangement of colors achieved by Munsell.

In the Munsell circle, and, especially in its superior variant, the
Farnsworth color circle, R is not directly opposite to G. This
seemingly insignificant departure from symmetry makes it in
fact pessible to fit into it the two red-to-green diameters that
characterize the axes of color confusion of deutans and protans.
(And since Y and B are also not opposite each other, it makes it
possible to differentiate two yellow-to-blue diameters.) One
adheres to custom by calling the deutan confusion axis the Green-
to-Red purple axis and the protan confusion axis the Bluegreen-
to-Red axis without attaching any great significance to these
designations. They simply serve as memory aids. The essential
bimodality of color specifications in the color world of the red-
and-green defective had no place in Hering's scheme. The es-
sential bimodality of all color specification in the color world

of the red-and-green defective, the split into a deutan subtype
and a protan subtype, reveals itself clearly and unequivocally in
the two Farnworth tests. (Mutatis mutandis, the same statement
can be made relative to the yellow-and-blue defects.) With a
certain simplification of historical truth, one might state that
Hering presented the conceptual basis for understanding the es-
sentially opponent character of all color defects (they are either
red-and-green defects, or yellow-and-blue defects), while Farns-
worth, with his tests, revealed the essentially bimodal character
of each of the two existing major classes of opponent color de-

1. As will be seen, it is not the same diameter in the two tests.
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fects. With his arrangement of colors and with his two tests.
Farnsworth muade, in the opinion of the author, the greatest single
contribution toward a true understanding of color vision and its
defects since Hering.

The clever arrangement of the 100-Hue Test into four subsec-
tions and the entry form provided for recording purposes deserve
especial added comment. As the case of the sister test, the Panel
D-15 Test, the use of the proper blank form pays a maximum
dividend. As one enters the test results into the record sheet
provided for this purpose (how to do this will be explained some-
what later), a dichotomous axis, a diameter in the circular ar-
rangement of the colors, emerges, so-to-speak, before one's
cyes. This diameter always connects opponent circle sections,
and its direction provides the essential means of diagnosis. In
both the 100-Hue Test and the Panel D-15 Test, the diameters,

which are, respectively, characteristic-sfthe—deatamam T pro————_

tan defects run roughly in the same direction but show a bimaodal
distribution pattern. In both tests, the diameter which charac-
terizes the deutan defect starts at a longer wave length than the
one which gives away the protan. The diameter which is diagnos-
tic of yellow and blue defects runs at roughly right angles. Pos-
sibly, it is also bimodal, since a subdivision of the defect into
a tritan and a tetartan variety seems to become more and more
justified. The color performance of a protan always parallels
that of a deutan—except that the same characteristic is related
to a shorter wavelength. Take any kind of a performance at ran-
dom: the primal yellow of the deuteranomalous is at 583 mpy,
that of the protanomalous at 563 mu (Rubin, 1961); the balanced
orange of the deuteranomal is at 612 mpu and that of the protano-
malous at 590 mu (Rubin, 1961); the locus of best wavelength
discrimination of the deuteranomalous (which will be discussed
later) is around 500 my and that of the protanomalous around 450
mu (Nelson, 1938); the area of complete spectrum desaturation
of the deuteranope (which will also be discussed later) is around
498 muy, that of the protanope near 492 my, etc. (Walls & Hack,
1956).

Farnsworth divided the 85 chips into four sections, and he
did not do this for convenience of handling. (The subdivision is
indicated in Fig. 1). It is one of the most clever, even brilliant,
features of the test. Chips # 84 to # 22 constitute the first sec-
tion, chips # 21 to # 43 the second, chips # 42 to # 64 the third,
and chips # 63 to # 85 the fourth. There is a necessary redupli-
cation at the beginning and the end of each section. Since roughly
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only one-fourth of the color circle is presented at any one time,
a color-defective subject will never be given a chance to "con-
fuse” red with green, or yellow with blue. This he would do only
when confronted with a selection from all wavelengths, as in the
Panel D-15 Test. It has been mistakenly suggested that the 85
chips be presented to the condidate for testing all at once. This
would only transform the 100~-Hue Test into a more difficult
Panel D-15 Test. It would show which opponent colors a color
defective confuses. However, the 100-Hue Test is not an opponent-
color confusion test, it is not just a glorified 15-Hue Test. In the
100-Hue Test the examined subject is asked to compare and
arrange a limited number of similar hues, not opposing hues.
And, in contradistinction to the Panel D-15 Test, there are two
fixed "reference' chips provided in each quadrant—the two
samples that are farthest apart in hue within the just-presented-
quadrant. In the first section, chips # 84 and # 22 are fixed
white chips, # 85 to # 21 are loose and are to be arranged be-
tween the two reference samples. In the second section, # 21

and ff 43 are fixed, and # 22 to # 42 are to be arranged, etc.

The following discussion is restricted mainly to the perform-
ance of deuteranomalous and protanomalous subjects, since they
are the major interest?. However, in order to make their per-
formance in the 100-Hue Test more understandable, the principle
of construction of the Farnsworth color circle should be once
more discussed from a somewhat different point of view. T must
digress here somewhat and deal with some of the now classic
studies of Wright and Pitt (1934), Nelson (1938), and of McKeon
and Wright (1940) on the ability of the normal, the deuteranomal -
ous, and the protanomalous subject to discern changes in spec-
tral wavelength by a just noticeable difference in hue.

At first glance, the arrangement of wavelength numbers around
the Farnsworth color samples seems rather haphazard. There
are sections where the wavelength markings are far apart, and
others where they are crowded; and the longest and the shortest
spectral wavelengths are actually missing. This latter circum-
stance should really not be unexpected. Wavelengths longer than
ca. 630 my all have the same hue (Purdy, 1931). They have no

2. It is becoming more and more evident to the author that, in the study
of the not altogether rare yellow-and-blue defects due to ocular pathology
and to the aging process, the 100-Hue Test will also turn out to be the
most preferred color vision test, However, there is not yeu sufficient
material to deal with this part of the subject.




place in a Munsell circle. They have little space assigned to
them on the chromaticity ogive. And the same is true of the
shortest wavelengths. As already been discussed, the Farns-
worth arrangement of chips has, in essence, retained the most
outstanding feature of the Munsell system, based as it is on the
principle of the "just noticeable difference in hue' without a
priori reference to any differences in wavelength. Different
wave lengths with identical hues are not represented in it.

A normal subject (that is, a young, normal subject) is not
expected to make any substantial error in arranging any or all
of the four panels, because every single chip is different from
its neighbor of the next higher and of the next lower serial num-
ber by that just noticeable difference in hue. It is this very fea-
ture of the Munsell arrangement which Farnsworth has turned
into a most sensitive, diagnostic tool.

To give one example: normal subject is expected to place
chip # 28 on one side of chip # 27 (and nearer to the reference
chip # 43 of section 2), and chip # 26 on the other side of chip
# 27 (and nearer to the reference chip # 21 of the same section)
because chip # 28 is a just noticeably more greenish green-
yellow, and chip # 26 is a just noticeably more yellowish green-
yellow than chip # 27. The difference in the dominant wavelength
of these three chips, as such, is irrelevant.

One may haphazardly choose another example, say a triad of
purple chips from section 4 that do not correspond to any single
spectrum wavelengths. If chip # 78 is a reddish purple (which,
of course, means a predominantly reddish red-blue), then chip
# 79 must be a just noticeably more reddish red-purple, and
chip # 77 a just noticeably more bluish red-purple. Moreover,
cuip # 77 has to be placed on one side of chip # 78 (nearer to
the reference chip # 84), and chip # 79 on the other side. To a
normal subject the test offers no freedom of choice. If he is
normal he cannot make any significant errors.

An important restriction has to be made here. Extensive
studies by Verriest (1963; 1964) suggest that this statement holds
only for the normal young adult. Children under the age of ca.
14 years make some errors, especially in the blue-green.
(Those are sometimes difficult samples to tell apart.) More
significant, and rather constant, is the deterioration of the hue-
discrimination faculty in the middle-aged and aged, actually
starting in the forties of life. The faculty of arranging the Farns-
worth samples corrc:tly deteriorates, especially in the region
of chips # 35 to # 50, the green to blue-green areas of normal
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subjects, and, to a lesser extent, also in the region across the
diameter of this area, in the region of chips # 82 to # 5. It is
quite likely that the cause for this lessened sensitivity, espe-
cially in the first of the two regions, is due to enhanced absorp-
tion of shorter spectrum wave length by the refracting media,
especially the sclerosing crystalline lens.

Farnsworth introduced a very ingenious method of recording
the results of the 100-Hue Test. His blank for recording (Fig. 7)
represents the color circle of 85 members with the different
good and not-so-good features which are by now thoroughly fa-
miliar. In addition, this "color circle' is surrounded by a num-
ber of other concentric dotted circles.
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FIG. 7. Blank form for recording of 100-hue test results.
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Assume that a subject has arranged the first several chips
of the first section in its proper order starting from the refer-
ence chip # 84. In this case, chip # 85 is placed between f 84
and # 1, at its shortest possible "one-chip," or "one-unit," dis-
tance from each. Similarly, chip # I is placed between # 85 und
i 2; chip # 2 between ff 1 and # 3, etc. The result is recorded by
dots opposite the appropriate locus numbers. Since there was no
error the score points are placed nearest to the circle of loci
on what is usually designated the two-chip-distance circle and
what actually is the zero error circle.

Assume, furthermore, that the subject did not place some of
the following color chips of the section in their proper order but
in the order indicated in Fig. 7. Thus, into locus 10 he placed
the # 14 chip and into locus 11 the # 16 chip, etc. The error
score then starts with chip # 9. It is found, then, that chip # 9
in locus 9 is placed at 5 units instead of 1 unit distance from
one of its neighbors (chip # 14), and at 1 unit distance from its
other neighbor, chip # 8. The error is 5 + 1 - 2 = 4 units, and
the score point at locus 9 is to be placed four circles away from
the zero error circle. Continuing, one finds in locus 10 an error
score of 5, in locus 11, an error score of 6, etc.

An interesting detail of this scoring is to be noted. Errors
are self-aggrandizing and cumulative. Take the example of the
samllest possible error: two chips, # 5 and # 6, were inter-
changed in loci 5 and 6 (Fig. 7). This means that chip # 6 in
locus 5 is now 2 distance units from its first neighbor (# 4), and
1 distance unit from the other (# 5). The erroris2 + 1 -2 -1
unit. However, by necessity chip # 5 (now in locus 6) also scores
an error of 1 unit. Moreover, chips # 4 and # 7 which are in
their proper loci also score an error of 1 unit. Thus, an error
score of 4 units has been accumulated by this smallest of all
possible errors.

If the interchange occurs between two chips farther apart then,
by necessity, two error peaks will manifest themselves. Assume
that, in loci 8 and 14, chips # 8 and # 14 turn out to be inter-
changed. How this will show in the score is best demonstrated
on an error table which is actually used by the author before en-

tering the scores. This table has to be read from below, upwards3:

3. Professor Verriest uses a similar error table. He also adds up the
error score and, in the example given in this table, would speak of an er-
ror of 40 points. e finds this number score useful for evaluation of the
error's magnitude. The error diagram is still the author's preference.
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Error score: 0 6 10 4 0 0O 0 4 10 6 0
Distances: 1 7 5 1 1 1 1 ) Vi 1

Chips: 6 7 14 9 10 11 12 13 8 15 16
Loci: 6 7 8 9 10 11 12 13 14 15 16

It should be understood that this is a made-up example. Such an
error will never occur. If it should happen that chip # 14 is
placed into locus 8 next to chip # 7, then the chip will pull its
similar neighbors, maybe # 13 and # 15, with it. As emphasized
in the author's essay on color vision, no color defective ever
makes haphazard or senseless errors (Linksz, 1964).

As seen, in this example, scoring errors are also self-pro-
creating. Once a subject has placed one chip into a wrong place,
or left out a chip, he is faced with the task of placing the chip
which he has not used into another, by necessity, wrong locus.
One may often watch a color-defective candidate fumbling around
with a left-out chip and can, from his facial expression, almost
tell that he placed it only the best he could. He would have liked
to leave it out entirely, but the observer must insist that all
chips be placed.

Recording the errors in the arrangement in the just described
method, it turns out that in the case of a color defect, any type
of color defect except possibly those caused by senescence,
errors "'pile up'" in two opponent regions of the Farnsworth
circle. It is the direction of the diameter which connects the two
error piles which gives the diagnosis away. What determines
this direction is what now must be investigated.

The job of one's arranging the 100-hue samples corresponds,
in many respects, to a differential hue sensitivity test. What is
essentially the same facilty, viz., the differential hue sensitivity
for spectrum colors, has been investigated repeatedly. The
classical data are those of Wright and Pitt (1934). These authors
studied the spectrum, not pigments, and related the just notice-
able difference in hue to spectral wavelengths. They found areas.
notably two of them (Fig. 8), where small changes of wave length
cause noticeable change in hue, and other areas where one has
to change the wavelength considerably before the hue changes
just noticeably. It is in the nature of things that this difference
will mirror itself in the relationship between the object color
cirele on the one side, and the spectrum circle on the other.
This relationship is demonstrated in the Farnsworth diagram
in which, as in the test itself, there is nothing haphazard. The
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FIG. 8. Wavelength sensitivity (hue sensitivity) curve of normal
observer (data of Wright & Pitt).

criterion is 'just noticeable change of hue.' One will, therefore,
understand that into the two spectral areas in which wavelength
discrimination is best, a great number of Munsell colors must
be crowded. The opposite is to be expected for spectral areas
where there is little change in hue with considerable change of
wavelength. These regions in the Farnsworth selection are rep-
resented by only a few samples. Comparison of the curve of
wavelength discrimination (Fig. 8) and the Farnsworth color
circle (which in Fig. 9 has been stretched into a straight line,
just for the purpose of this comparison) clearly show the paral-
lelism. In the wave-length discrimination curve of Wright and
Pitt there is one area of maximum sensitivity in the region of
ca. 499 my. In the curve, this is represented by a minimum,
since the needed change in wave-length for the appreciation of
change is minimal. In the Farnsworth circle, the same area is
broadly represented. Take, e.g., chip # 42 which corresponds
to 500 my, while 470 mu corresponds to chip # 64. There are,
in other words, more than twenty discernible steps between
these two wavelengths. The second maximum of the curve by
Wright and Pitt occupies the area around 590 mu. Here, again,
there is broad representation. Chip # 46, e.g., in the Farnsworth
selection, corresponds to 590 my, and the chip corresponding to
570 mpu is # 23. Here there is room for seventeen steps over a
stretch of no more than 20 muy.
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FIG. 9. Linear arrangement of Farnsworth selection of colors
with appropriate spectrum wavelengths indicated.

The reader will note that the Farnsworth circle has been
somewhat arbitrarily cut at chip # 76, at a locus which seems
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to be about in the center of the spectrum gap. This gives the
diagram a certain symmetry and leaves the extremes of the
spectrum, where wavelength discrimination is poorest, widely
separated. The reader will also note that in the-straightened
Farnsworth diagram the wavelength numbers had to be given in
decreasing order to correspond with the increasing Farnsworth
numbers. In the diagram by Wright and Pitt, the order of colors
is reversed and the wave-length numbers give an ascending scale.
This should impose hardly any difficulty in understanding and
comparison.

Scrutinizing the Farnsworth circle (Fig. 9) with this newly
gained insight, one must note that the two areas of best wave-
length discrimination, the section between 590 my and 570 my,
and the section between 500 my and 470 my, occupy, as if by
chance, two opponent sections of the circie. This is just one
more small point which shows the essential soundness of Newton's
and Hering's circular arrangements. A color circle is a 'natural."
Even such loci as the maxima of Wright and Pitt arrange them-
selves in an opponent fashion. This feature remains hidden in
the usual diagrams. Color vision data become more meaningful
if they are arranged on a circular diagram rather than into
Cartesian coordinates. As is seen repeatedly, the usual presen-
tation of color vision data along Cartesian coordinates actually
hides some of the important facts of color vision. A set of curves
like the two lower curves shown in Fig. 10 would never suggest
that in the color world of the deuteranomalous and protanomalous
there are two areas of especially poor saturation. The Panel
D-15 Test works only because there are two. And a set of curves
like those presented in Fig. 11, a and b, will not suggest that in
the color world of the deuteranope and protanope, there are two
areas of best wavelength discrimination. The 100-Hue Test
shows that there are two. The dichotomies which are the diag-
nostic characteristics of the two Farnsworth tests remain hidden,
totally unexpected, even inexplicable to those to whom the spec-
trum is a straight line leading from nowhere to Erewhon, hitting
these keys as it proceeds. !

The section of the Farnsworth double circle where wavelength
notations appear most crowded is the section between 540 mpu
and 520 my. This section is quite poorly represented in the ob-
ject color circle, and, altogether, three chips, # 35 to # 31, take
care of 20 mu. The colors opponent to this section fall within
the spectral gap. '

We are ready to turn our attention toward the red-and-green
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FIG. 10. Chapanis' diagram indicating loci degree of- intrinsic satura-
tion of spectrum colors in normal (upper curve), and also in deuterano-
malous and protanomalous (lower curves) with bimodal distribution of
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FIG. 11. Wavelength sensitivity curves of dichromatic deutan (a) and
protan (b).

defectives and to try to analyze their performance in the 100-
Hue Test. One must remember that red-and-green anomalous
subjects, both subtypes, are trichromats. Their spectrum of
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color and their circle of colors are built upon the normal four
some of valences. They see red, yellow, green. and blue like
normals, though they localize their pure colors in somewhat
different loci of the spectrum or the circle. Another difference
which exists between the normal and the color anomalous is a
diifference of variety. The color world of the anomalous is just
a more monotonous color world. Curves taken from Nelson
(1938) and from McKeon and Wright (1940) and here combined
Fig. 12 show4 that, like the normals, the red-and-green anoma-
lous also have two principal areas of best wavelength discrimina-
tion and that the localization of these two areas is essentially
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FIG. 12. Samples of wavelength discrim-
ination curves in deuteranomaly and
protanomaly.

bimodal. They are represented by longer wavelengths (ca. 500
mpu and ca. 610 my) in the case of deuteranomaly and by shorter
wave lengths (ca. 450 my, and ca. 580 my) in the case of the
protanomalous. It is needless to emphasize that these respective
loci occupy practically opposite ends of diameters across the
Farnsworth color circle. What these curves also clearly demon-

}. This diagram was actually taken from a publication by Hurvich and
Jameson (1960). A similar combination diagram was also published by
Nelson.




strate is that the wavelength discrimination of the red-and-green
anomalous is, even at its best, poorer than that of the normal.
(The maxima are further from the abscissa than in the case of
the normal.) The red-and-green anomalous discern a smaller
number of hues in their s.‘.pe(‘.trum.5 The two areas of best wave-
length discrimination of the normal are over-represented as far
as the red-and-green defectives are concerned. One will almost
expect them to make mistakes in arranging samples in these
two over-represented areas—one essentially blue, the other
essentially yellow. One will, of course, also expect the errors
to show a bimodal distribution.

It is in large part due to the work of Rubin (1961), to which
reference has been made repeatedly, that there is now some
accurate information about the essentials of the color distribu-
tion in the spectrum of the two subtypes of red-and-green defi-
ciency. These data will further help in.understanding the scores
of the deuteranomalous and the protanomalous in the 100-Hue
Test.

There exists, first of all, a very peculiar and rather distinc-
tive difference in the manner in which these twe subtype local-
ize blue—inasmuch as only in the spectrum of the protanomalous
is there a definite locus for pure blue, which gradually turns
into greenish blue in one direction and reddish blue (violet) in
the other direction. In other words, the red valence returns in
the short-wave end of the protanomalous spectrum beyond the
locus of pure blue, just as it returns in the spectrum of the color
normal. The return of a new valence mirrors itself in the curve
of Wright and Pitt (Fig. 9) in a sub-maximum at around 440 mp.
Sensitivity to wave-length change always improves when the hue
gets mixed, and so it does here where, suddenly, more reddish
and more bluish violet colors come up for comparison. In con-
tradistinction, the deuteranomalous sees no violet. For him, the
short-wave end of the spectrum just fades out, but remains es-
sentially the same blue.

How this difference manifests itself in the wave-length dis-
crimination curve of the two defect subtypes has not yet been
actually investigated. (One has to be aware of a question before

5. Most spectrum colors also appear to them relatively desaturated
(Nelson, 1938; McKcon & Wright, 1940; Chapanis, 1944). The two lower
curves in Fig. 10 helong to a deuteranomalous and to a protanomalous
subject, respectively, Their lower level indicates their lower intrinsic
saturation,
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one can look for an answer.) In the differential diagnosis of the
two subtypes of red-and-green deficiency with the 100-Hue Test,
this difference plays a definite role. As one sees from Farns-
worth's data (Fig. 13), poor color discrimination by the deuter-
anomalous has one of its two peaks—it might be called the "blue

—~---  Deuteranomalous
= Protanomalous
= = Tritanomalous

F1G. 13. Distribution of maximum error loci in 100-hue test in
deuteranomaly, protanomaly, and tritoanomaly.

error peak''—in the region of chips # 58 to # €0, where, for nor-
mals, blue is expected to be turning into violet. In the Farns-
worth nomenclature, violet figures as purplish blue. Color dis-
crimination by the protanomalous is better in this region. For
the latter, the 'blue error peak' is nearer to the purples in the
region of chips # 64 to # 66. For a protanomalous, with his less-
ened capabilities of hue discrimination, hues of this region are
greatly over-represented, and an accumulation of errors will
not be expected. Several protanomalous subjects have told the
author that "frankly' they saw no difference at all between a
great many chips in this region. They just arranged them in a
random fashion. Figure 12 also indicates that, in the region of
the spectrum around 440 my, the region where normals have
their third arca of relatively good color discrimination, the
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protanomalous actually did better than the deuteranomalous.

As the curves demonstrate, below ca. 450 my the deuteranoma-
lous subject suddenly did very poorly: Obviously, all blues ap-
peared to him the same blue. In general, deutans do poorer than
protans in the blue error area of the 100-Hue Test. They also
did poorer in Nelson's hue discr’mination experiments (see, e.g.,
figure 13 of his paper, 1938).

Rubin's investigation also furnishes pertinent data about the
locus of balanced orange, pure yellow and pure green in the spec-
trum of the red-and-green anomalous. Reference has already
been made to some of these data with emphasis on how all of
them reveal the bimodal distribution of wavelength values which
is the characteristic link between the deutan and the protan de-
fect. Every one of these loci carries a longer wavelength num-
ber in deuteranomaly, a shorter wave-length number in prot-
anomaly. Pure yellow, according to Rubin's figures.is located
at 576 mu. The pure yellow of the deuteranomalous and the prot-
anomalous saddle this locus (Nelson, 1938). The former finds
it at a longer wavelength, at ca. 583 my, the latter at a shorter
wave-length, at ca. 563 my (Rubin, 1961).

As it was practically predicted the discrimination of the red-
and-green defective is poor in this other over-represented re-
gion of the Farnsworth circle as well. There is a "yellow error
peak' (Fig. 13) to their performance in the 100-Hue Test, and it
is not surprising to find that this peak, too, is bimodal, that for
the deuteranomalous it falls into a region with smaller chip
numbers (representing longer wavelengths), while the peak for
the protanomalous falls into a region with larger chip numbers
(which represent shorter wave lengths).

Motokawa (1951) has repeatedly emphasized that, in the spec-
trum of the red-and-green defective, yellow is the most brilliant
section. Still, wavelength discrimination is poor in this region.
The two statements should not, however, be looked upon as con-
tradictory. Yellow might be a brilliant color in the spectrum of
the color defective, but in the Farnsworth selection there are
so many samples of similar wave lengths, especially in the 580
mp to 570 mpu region, that to the color defective, whose wave-
length sensitivity is, even at its best, poor, there are just too
many of them.

Once more, it must be understood that poor performance in
the 100-Hue Test is not caused by desaturation in the error ar-
eas. Desaturation is the cause of false choosing in the Panel D~15
Test. One of the handicaps of the red-and-green defective is the
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lack of variety of hues even in the areas which are relatively
speaking, not desaturated. It is this factor which, by its clever
arrangement, the 100-Hue Test turns into a means of diagnosis.

As can be seen from the diagram published by Farnsworth
(Fig. 13) the maximum error score of deuteranomalous subjects
runs in the average between chips # 15 and # 59, i.e., roughly
between the wavelengths 580 my and 480 mu. The corresponding
diameter for protanomalous subjects runs between chips # 19
and # 65, i.e., roughly between the wavelengths 575 my and 460
mp. There is probably no need for further gilding this particular
lily. Deutans and protans always, under all circumstances, in
all their characteristic performances, behave in similar ways.
They are subtypes only of one major class of color deficiency
in which the red and the green color modalities are chiefly af-
fected. All their error scores are linked up with opponent areas
in a properly arranged color circle. There is one essential dif-
ference between the two subtypes: if you analyze any one of their
performances in terms of the spectrum, there will be a definite
bimodal distribution to the range of wavelengths to which the par-
ticular performance is associated, and the protan defect will al-
ways be associated with the shorter of the two wavelength modes.

Once more attention must be focused upon the seemingly
strange fact that the red-and-green defective has a blue error
peak and a yellow error peak in the 100-Hue Test. The fact
seems to offer some conceptual difficulty. Should one not expect
error peaks in the red and the green in subjects whose defect
is in the red and the green?

The 100-Hue Test was administered (by the author) the other
day to a rather extreme deuteranomal whose job, of all things.
was color-matching in a textile printing establishment. He fought
for his future job security with all the sophistication of many
years' accumulated experience. He insisted on checking his own
score and said how silly it actually was to "accuse' him of a
red-and-green defect when obviously, he scored excellently in
the red and the green regions of the test, and the only mistakes
he made were in the yellow and the blue. I studied some of the
material this color defective had brought with him to show how
well he was doing and strangely, or not so strangely, he did
quite well in the blue.

G. In the essay on color vision and clinical color vision tests (Linksy .
1964: see esp. pp. 99-100) it is explained why and how that legendary
"color defective textile exccutive' is really able to differentiate cevtain
colors almost better than normals do.




There is, obviously, more behind the existence of that yellow-
and-blue error score than just over-representation. One must
also understand why in the 100-Hue Test those with a red-and-
oreen defect actually make so few errors in the red and the green.
It will be easiest to explain this on the example of the red-and-
ereen defective dichromat. An analysis of their wavelength dis-
crimination faculty should furnish the proper answer.

The bimodal character of this faculty becomes immediately
apparent if one looks at the by now classic data of Wright (1947).
Figure 11, a and b, shows the wave-length discrimination curve
of the deuteranope and of the protanope, respectively. The only
difference between the two practically identical curves is that
in the case of protanopia the peak of sensitivity manifests itself
at a somewhat shorter wavelength. In neither case is the peak
in the blue or the yellow. It is in the region where green is
missing.

Deuteranopes and protanopes are dichromats. Their spectrum
contains two hues only—a "warm'' hue which, with some confi-
dence, one may call yellow7, and a "cold" hue which, with even
greater confidence, one may call blue. The "warm' and the "cold"
spectrum regions are separated from each other by a region of
zero saturation, a neutral point. The existence of such a spec-
trum neutral point can be predicted on the basis of Hering's
theory, and can well be visualized by looking at his diagram of
crescents (Fig. 6). What one can also predict, and what data like
Wright's completely fail to indicate, is the fact that in this color
circle there are two neutral points. As mentioned earlier, the
only detail Hering missed was that of the bimodality of these
neutral points. This is why hc could not in a satisfactory manner
explain the existence of two subtypes of red-and-green blindness.
The neutral spectral loci are rather close to each other: accord-
ing to Walsh and Heath (1956) they are at ca. 498 mu and 492 muy.
Still, they are so distinctive in their position that localization of
the spectral neutral point is, in itself, a sufficient characteristic
on which to make a differential diagnosis. And once more, in the
dichromaticity of the deutan subtype, the neutral point has the
longer wavelength. A glance at the Farnsworth double circle or
the chromaticity diagram will show that, in spite of their close-
ness to each other, the two points can be easily differentiated.

7. 1f it would in the smallest measure please the manes of my late friend,
Gordon Walls, I would concede that it does not matter. Being an ardent
trichromaticist, he could not helieve that a deutan or protan dichromat
could ever see yellow.
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The 10 mpu stretch between 500 mpu and 490 my is quite well
represented in the 100-Hue Test. The dominant wave length of
chip # 43 is, roughly, 498 my, and that of chip # 49, 492 mu. The
first of these chips appears colorless to the deuteranope, the
latter colorless to the protanope. They are also very well sep-
arated on the chromaticity diagram. The y (abscissa) value of
490 my is less than 0.3, that of 500 my is over 0.5 (Fig. 14).
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FIG. 14. Chromaticity diagrams with confusion (iso-color)

lines indicated. In each case line through '"C" (white or
grey) connects spectrum regions of maximum desaturation.

A comparison of the locus of best wavelength discrimination
and the locus of maximum desaturation in the spectrum of either
type red-and-green defective dichromat reveals that the two are
actually identical. In the deuteranope, 438 my is the spectrum
neutral point, the area of maximum desaturation. But the same
locus is also the locus of best wavelength discrimination, be-
cause the deuteranope can, in this region, easily differentiate
the yellowishness (warmishness) of wavelengths even slightly
longer against the bluishness (coldishness) of wavelengths which
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are slightly shorter. The chromaticity diagram with its 1socolor
lines for deuteranopia (Fig. 14) is most instructive. It shows
that, in the case of deuteranopia, the main iso-color line runs
from 498 my in the spectrum through "C" and toward a point in
the spectrum gap. (The spectrum gap is represeated by the line
which connects the two extremities of the spectrum ogive and
after a fashion completes the distorted color circle.) This main
iso-color line connects the loci of maximum desaturation, the
areas of no-color. It is the main line of confusion. Although it
is not a line running from the locus of pure spectral green, one
can, with a good grain of salt, call it the Farnsworth Green-to-
Red-purple axis. Above this line is the domain of the deuteran-
ope's "warm'' color, below that of his "cold" color. The loci
just above and just below 498 my can be, therefore, easily
differentiated.

IIG. 15. Example of deutan score with 100-hue test.

As already mentioned, color chip # 43 has just about this
dominant wavelength. No error in the arrangement of the chips
‘an, therefore, be expected in this region. One can see this in
Fig. 15. the score of a case of deuteranopia presented by Farns-
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worth. Around chip # 43 the deuteranope makes no error. In
this region his hue discrimination is as good as that of the nor-
mal. For the benefit of those who look naively at the perform-
ance of the so-called color-blind, it must be emphasized that it
has not been said: "His hue discrimination is normal." The deu-
teranope does not discriminate, say, 502 mu against 498 my,
because the first one is to him a more greenish, the second a
more bluish blue-green, as it is to the normal. His hue discrim-
ination is not normal, even if his wavelength discrimination in
this is as good as that of the normal.

Here is one of the points where there is a need to separate
practice from theory. If the differentiation of the hue of, say,
chips # 42, # 36, and # 30 is the criterion by which certain coded
wires have to be connected properly, then one can expect that
even a deuteranope will do this properly. What clues he uses
for differentiation does not, for practical purposes, matter.

A glance at the 100-Hue score of the deutans and protans
will reveal that there are certain regions in the object color
circle where even the latter are safe. It should be the task of
the industrial color scientist to elaborate on these areas and,
if feasible, develop a coding system in which more industrial
workers are safe. ’

Of course, one must not belittle the problem. As the iso-
color lines remind one, a deuteranope might be able to discrim-
inate between, say, 490 my and 498 my (which is fine), but he
cannot discriminate between the latter wavelength and 650 my
(which is a catastrophe). The 100-Hue Test avoids this issue.
The Panel D-15 Test confronts one with it. The 100-Hue Test
is an excitingly interesting test because it permits some insight
into the workings of defective color vision. It also is a first-rate
diagnostic test. But only in a limited way is it a performance
test.

The spectrum locus 498 my in the chromaticity diagram is
at one end of the iso-color line which marks complete desatura-
tion. It represents one neutral spectral point. The locus where
this line cuts the "purple line" represents, in a sense, a second
neutral spectral point. Actually, the point is in the spectrum gap
and this is why spectrum color scientists missed its existence.
Here, again, the superiority of the circular arrangement of color
data shows itself very clearly. In the real spectrum of the deu-
teranope, there is only one neutral area, the area found in both
the wavelength discrimination and the neutral point investigation,
#hile in the color circle there are two. This follows from Her-
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ing's theory and can be predicted looking at his diagram. The
two areas are again on opponent ends of a dichotomous axis.
Each end of this represents an area where the hue discrimination
of the deuteranope is good, where in the 100-Hue Test he makes
no error. A glance at Farnsworth's published score (Fig. 15)
verifies this. The errors pile up in a diameter which is at right
angles to the diameter between two neutral points, in the very
regions where, to the color-blind, colors appear most vivid, in
the region of his best "warm'' color and his best ''cold' color,
in the yellow and the blue, in the two regions which at the same
time are, in a sense, over-represented in the 100-Hue circle.

Little has to be added to understand the performance of the
protanope in the 100-Hue Test. His case is just another variant
of the red-and-green defective dichromacy. His neutral spectrum
area is at, or near, 492 mu. As Wright's data testify, the area
of best wavelength discrimination by the protanope coincides
with this area (Fig. 11 E)- Spectrum data indicate only one neutral
point. In the full object color circle there is, of course, another
area of complete desaturation to be found, and another area of
maximum hue sensitivity at the opponent ends of a dichotomous
axis. The axis starts at a shorter wavelength than 498 mu. Thus,
the protanope's dichotomous axis shows itself once more as the
deuteranope's bimodal twin. And for the sake of conformity, one
might agree to calling this axis the Blue-green-to-Red axis of
desaturation. In the chromaticity diagram of the protanope (Fig.
14), the line of complete desaturation runs from the 492 mu
point through "C." It is shown to terminate in the "red" corner
of the horseshoe, the area where the protanope's vision is noto-
riously poor.

The protanope has, as is known, one added distinctive feature
not shared by his partner in red-and-green blindness, the deu-
teranope. The protanope has a foreshortened spectrum. He is
practically blind for the longest wavelength of the spectrum
visible to trichrumats (and also to deuteranopes). As it is, this
long end of the spectrum is not represented in the Farnsworth
selection. This might be the reason why the protanope's diam-
eter of best performance is slightly bent (Fig. 16).

Errors in the performance of the 100-Hue Test again pile up
at opposite ends of a diameter which is roughly at right angles
to the poorest saturation-best performance axis. One terminus
of the diameter is in the area which to the protanope appears
vellow: the other terminus is in the area which to the protanope
appears blue. These opponent areas have color, but their color
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FIG. 16. Example or protan score with 100-hue test.

is monotonous: in each of the two areas many samples have the
same color—hence, the yellow error pile and the blue error
pile.

Obviously, all these diagnostic data can be gleaned only if
the 100-Hue Test is performed according to Farnsworth's in-
structions, if, in other words, the four sections are presented
separately, one at a time. The 100-Hue Test is not a color con-
fusion test but a color discrimination test. Permitting the can-
didate to choose from all 85 colors would wipe out this very
distinctive feature of it.

Only for the sake of completeness is it necessary to add a
few lines about yellow-and-blue color defects. Such defects are
of interest to the physician dealing with ophthalmic pathology.
since they occur with considerable frequency in diseases of the
retina. In the present context, they are of minor interest. It
would certainly be unjustified to analyze either the two probably
existing subtypes - called tetartanopia and tritanopia - or the tri-
chromatic and the dichromatic varieties. Suffice it to say that.
in the dichromatic varieties of this defect. two neutral areas
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are to be expected in the spectrum—in what to the normal are
the yellow and blue regions of it. In the chromaticity diagrams
the main confusion line runs from the essentially yellow to the
essentially blue region of the spectrum ogive (Fig. 14). One
would also expect two areas of maximum wavelength sensitivity
coincident with these neutral areas. Incoming redness in one
direction, incoming greenness in the other direction should
easily be differentiated from the grey of these neutral regions.
One can predict how these two aspects of the yellow-and-blue
defect are going to manifest themselves in Farnsworth's tests.
In the Panel D-15 Test, yellowish and bluish chips are going to
be juxtaposed, proving that the yellowishness and the bluishness
of these samples remain unappreciated. In the 100-Hue Test,
discrimination will be good in these same regions. To these
defectives, it will be in the monotonous red and green quadrants
of the color circle where errors will pile up into a 'red error
peak' and a ''green error peak." A sample (Fig. 17) should give
some idea of the appearance of such scores.
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LABORATORY MEASUREMENT OF COLOR VISION

F. J. J. Clarke
National Physical Laboratory
England

The population may be divided into two major classes in terms
of color vision performance, the "normal' (about 92 per cent of
males, and about 99-1/2 per cent of females), and the "abnormal."

‘The latter group are properly termed color-defective observers,

for, although they are of many types, they always show a reduced
power of color discrimination to some degree, compared to the
normals (known properly as normal trichromats). There is only
one exception to this general statement: one type of defective,
the tritanope, has superior wave length discrimination to the
normal trichromat for the violet region of the spectrum, owing
to the co-punctal chromaticity of the isochromatic loci on the
chromaticity chart lying just outside the violet end of the spec-
trum locus. The total number of discriminable, color stimuli is
always less for the color defectives than the formidable total
for the normal trichromat, estimated at ten million by Judd
(Judd, 1952).

It must be pointed out that, for the mild forms of protanomaly
and deuteranomaly, the main difference from the normal is of
kind rather than of degree of deficiency. In this brief survey,
only congenital color deficiencies will be considered. The patho-
logical color deficiencies often tend to resemble one of the
classes of congenital deficiency, and are, then, often named ac-
cordingly, though this can be misleading. However, a proportion
of pathological cases exhibit properties which seem to defy sys-
tematic classification.

A considerable difficulty presents itself in ranking the popu-
lation on a single, monotonic scale of "degree of visual fitness"
in terms of their color vision. This is because of the differences
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of kind as well as of degree, as mentioned before. A tentative
scheme, however, is shown in Table 1.

TABLE 1.
Class of Fitness Type of Observer
| =]
Normal trichromats
2. —
3, B
4. Protanomalous
5. Deuteranomalous Anomalous trichromats
6. _ Tritanomalous
7ir Deuteranopes, Tritanopes
Dichromats
8. Protanopes
9. Cone monochromats
10. Rod monochromats

It will be seen that no less than four classes of fitness have been
allocated to the anomalous trichromats: this is because they
exhibit a wide but continuous gradation of deficiency from "al-
most normal" to full dichromatism. The color discrimination

of the congenital defective is not improved to any major extent
by training; the deficiency is innate. However, it should be noted
that intelligent color defectives can often learn to name surface
colors with surprising accuracy (allowing for their reduced dis-
crimination), due to the use of achromatic clues and experience.
The ideal test of color, vision performance would be to determine
the total number of discriminable stimuli but it would take too
long ever to be a practical test, unfortunately.

The Laboratory Tests

The main differences between clinical and laboratory tests of
color vision lie in the complexity of cquipment needed (not for-
getting the equipment required for fundamental, radiometric
calibrations), the complexity of the testing operation, and the
competence of the staff required. A laboratory test. such as
measuring the color-matching functions, typically involves nu-
merous individual observations over several observing sessions,
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followed by extensive calculation of data. Such a test can be
carried out only on large numbers of observers at great length
and expense.

1. Anomaloscope. This is the simplest and quickest of these
tests effectively involving but one color match. The normal,
commercial instruments give a red-plus-green to match a yel-
low stimulus, e.g., the Nagel instrument. This is usually satis-
factory for distinguishing normal, protanomalous, deuteranoma-
lous, protanopic, and deuteranopic observers. But the degree of
anomaly is not always correlated well with the match, and mis-
classifications can arise. Some workers (Drs. Farnsworth,
Rautian) have tried an anomaloscope giving a green-plus-blue
to match a Cyan stimulus, intended for detecting and measuring
tritanomaly, but results can be confused by the effects of pre-
retinal absorption.

2. Wave length discrimination. This most fundamental of
measurements gives a good picture of the color discrimination
round the edge of chromaticity space and, hence, distinguishes
degrees of protanomaly, deuteranomaly, and tritanomaly very
well indeed. All classes are distinguished, except for deuter-
anopia and protanopia (which are confused), and a few cases of
protanomaly and deuteranomaly, which are also confused. The
conditions of view (especially fixation conditions) can influence
the results very strongly.

3. Purity discrimination. This test grades anomalous sub-
jects in severity of defect rather well, but does not distinguish
protan and deutan types with even reasonable certainty. It re-
quires more complex equipment, and very cdmpetent photomet-
ric procedures.

4. Chromaticity discrimination. This is near to being the
ideal measurement. However, it requires a full spectral colorim-
eter of some versatility, and a highly expert colorimetric staff
to calibrate and to operate it. The observations are long and
exacting. No properly complete study of color defectives has
ever been made, and only a handful of normals have their char-
acteristics recorded in the literature (Wright, 1941; 1943; Mac-
Adam, 1942).

5. Color-matching properties. This measurement also re-
quires a full spectral colorimeter and an expert staff. The tests
require a full two days' work, at least, often more. The infor-
mation is complete, and gives a reliable classification for all
types. though it does not reveal the degree of defect reliably.

6. Relative luminous cfficiency. This measurement can be
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used only to distinguish protanomalous and protanopic observers
from the other types, and rod monochromats from other types.
Yet, it requires an expert staff for the radiometric calibration
of equipment.

7. Munsell-Farnsworth 100-hue test. In its normal form,
this is only a regular, clinical screening test, but it is the only
one that distinguishes all classes of color defective, and that
can grade in severity of defect. Its weakness is that the hue
circle is arbitrarily divided into four separate collections of
chips. This means that many possible types of confusion are
excluded from the results. Examination of data from defectives
(various sources), shows that the shape of the "error-lobes' on
the usual radial chart is distorted, in that there is always a dip
(suggesting better discrimination) in the regions of 85-1, 21-22,
42-43, 63-64, i.e., at the four artificial group boundaries. Three
possible improvements are suggested by this author.

1. All test chips mixed up together, and a correctly graded
hue circle displayed on the wall to reduce intelligence effects.

2. All test chips mixed up, and a correct reference circle
provided on the desk; the subject has to match up corresponding
chips alongside. This tests hue discrimination exclusively, but
on a quantitative basis.

3. A double-wheel recording machine, with a test wheel and
a reference wheel, each with the 85 selected Munsell hues on
its edge, optics to present each in a bipartite field, and with
spatial integration over 1/85 of the circle. This can measure
hue discrimination very exactly, indeed. This cheap device can
give the best possible type of data in a short time and nceds
only an inexpensive staff deployed on the job.

8. Heterochromatic threshold reduction factor (HTRF). This
technique was invented by Boynton as a practical means of util-
izing the sophisticated Two-Color Threshold measurement of
Stiles. It does not require very elaborate equipment or calibra-
tion procedures, and, initially, it looked exceedingly promising.
However, further work (unpublished) shows that very misleading
results can be obtained from a small proportion of color-defec-
tive subjects. At present, this technique should not be considered
other than a research procedure.

9. Color-naming. This involves categorizing assorted spec-
tral stimuli with a restricted group of hue names. usually from
among red, orange, yellow, green, cyan, blue. violet, or purple.
At near threshold, a single name is sufficient, but at higher
levels more valuable information if obtained by making the ob-
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server give a main and a secondary hue, and applying appropriate
treatments to the data (Boynton, Schafer. & Neun, 1964: Boynton
& Gordon, 1965). This new technique seems to be reliable, and
shows the presence of residual color vision in several cases
where conventional tests reveal no discrimination at all.

In conclusion, it is to be emphasized that the state of fixation
influences all measurements to some extent, and some measure-
ments very markedly. The use of a slow, flashing technique to
control any local adaptation will improve the reproducibility and
significance of experimental data.
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DISTANCE VISION
(BINOCULAR DEPTH PERCEPTION)

R. L. Vasa
Head, Optometry Branch, Bureau of Medicine and Surgery
U.S. Navy Department

"Binocular depth perception is not a simple visual function"
(Enoksson, 1964). The accuracy in localizing an object at the
correct distance is dependent on learning to interpret cues,
some of which are quite indirect and quite complicated. While
it is assumed that most forms of depth perception involve the
interpretation of cues, there is some difference of opinion as to
whether stereopsis can be described as a form of depth percep-
tion which makes use of retinal disparity as a cue.

The visual factors which contribute to the perception of dis-
tance can be outlined as (a) monocular or binocular, (b) visual
factors which depend on the stimulation of the retina, and (c)
adjustment factors, such as accommodation and convergence.

In regard to the visual monocular factors, under the broad head-
ing of geometric perspective may be included overlay, associ-
ation with other objects, vertical position in the field, apparent
foreshortening, size of known objects, apparent convergence of
spacing of parallel lines, monocular parallax with a single ob-
ject, or with more than one object. The contributions of each of
the foregoing to depth perception provide the one-eyed individual
with a considerable armamentarium for making depth judgments.
A second monocular category is "'aerial perspective," a form of
depth perception which makes use of the effect of the atmosphere
on the appearance of an object as a cue for distance. A third
monocular factor is the distribution of light and shade, such as
the shading which gives the impression of a solid sphere rather
than a flat disk. Highlights or specular reflections can be cues
for solidity. Shadows of objects also serve as cues for the posi-
tion of objects in three-dimensional space (Fry. n.d.. Ogle. 1956).
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When binocular visual factors in the perception of depth are
considered one may include stereopsis (retinal disparity), binoc-
ular relief, binocular differences in perspective and visibility,
separation of diplopic images.

The term stereopsis frequently is used to designate any form
of visual perception of the third dimension. In this instance, it
is used to designate the use of retinal disparity as a cue for the
perception of the third dimension. This is, by far, the most
important of all the cues of the third dimension, especially for
objects at near and intermediate distances (Fry, n.d., Ogle, 1956).

Binocular relief is not encountered in the ordinary use of the
eyes. As to binocular differences in perspective and visibility,
Dr. Ogle lists as one of the binocular visual factors the gross
dissimilarities in the perspective patterns presented to the two
eyes by a small object lying close to the eyes. In regard to the
separation of diplopic images, Dr. Ogle notes that the perceived
separation of the two members of the diplopic image of an ob-
ject may serve as a cue to depth (Fry, n.d.; Ogle, 1956).

The adjustment factors in the perception of depth include
accommodation and convergence. However, 'there is no decisive
evidence that changes in accommodation or proprioceptive im-
pulses during convergence play any decisive role in stereo-
scopic vision." This is not to say that these two factors do not
enter into the discrimination of distance, since the two functions
are interrelated as determined by the A.C.A. ratio. Dr. Enoksson
found a correlation between binocular rivalry and stereoscopic
acuity, the depth acuity being better when the alternation in
rivalry is rapid (Enoksson. 1964).

Dr. Hofstetter notes that the clinical tests of stereopsis differ
from the stereopsis tests used in surveys and screening projects.
In clinical testing, the practitioner attempts to establish the
presence or degree of binocular vision and usually does not pur-
sue the degree of stereopsis, as long as an appreciable amount
is demonstrated (Hofstetter, 1956; 1962). To this end, the refrac-
tionist uses a battery of clinical tests to determine the fusional
amplitude and accommodative amplitude, as well as the rela-
tionship between accommodation and convergence under various
conditions. The prisn:-convergence and prism-divergence mea-
surements indicate the range within which the individual can
maintain single binocular vision. The degree of stereopsis at-
tained during the progress of these tests is not known. These
tests are administered for both distant and near vision.

A recent development in refraction techniques is "'stereo-
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refraction.” A stereo projector, or a projector with a vecto-
graph slide, is uscd to provide targets which are plane-polarized
in meridians at right angles to each other. The phoropter is
equipped with polaroid filters so arranged that the right eye sees
one of the projected images, the left eye, the other image. The
projector may be equipped to provide variability in the separa-
tion of the two images, increasing or decreasing the difficulty

of the task of the observer to fuse, or to perceive depth. While
this technique is not used to provide a scaled measure of depth
perception, such measures may be calculated for the various
targets. With this technique, it is relatively simple to demon-
strate the presence or abseince of aniseikonia and/or cyclophoria,
factors which contribute to distortion of the objects in the field
of vision.

One of the most convenient devices for determining the pres-
ence or absence of stereopsis is the DiaStereo (Pardon, 1962).

It consists of a plastic disc which fits on the end of a flashlight.
Embedded in the disc are three black dots, one of which is dis-
placed forward of the other. The disparity is of the order of
about 84 per cent on the Shepard-Fry scale. The background
provides a uniform field. The observer is asked to identify which
of the three dots seems to stand out from the rest. The flash-
licht may be held in any one of a number of positions. The test
administrator always knows which dot is forward of the others.
A correct response indicates that the observer has at least 84
per cent stereopsis. Indications are that those individuals who
make a correct response are then able to pass any of the other
stereo tests, including the Ortho-Rater.

A simple, clinical method of determining the presence or
absence of binocularity is the Worth four-dot test. A projector
with the proper slide is used to provide a target consisting of
four dots arranged in a diamond shape. The uppermost dot is
red, the iwo side dots are green, and the lower dot is white.

The observer is equipped with red-green glasses: red before

one eye, green before the other eye. If he is fusing, the observer
will see four dots in the shape of a diamond; the lower dot may

be either red or green, and may alternate. If fusion is not pres-
ent, five dots will be reported in the event diplopi» is experienced,
or, when one eye is suppressed, either three dots or two dots

will be reported.

The tests for stereopsis used in surveys or for screening
purposes are made with especially fixed and predetermined
amounts of convergence and accommodation stimulus. If these
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stimulus values do not permit single binocular vision, the exam -
inee fails the stereopsis test, whereas he may show normal
stereopsis under more favorable clinical conditions (Hofstetter,
1956; 1962).

Dr. Tiffin reported an apparent relationship between age and
scores obtained on the Ortho-Rater stereopsis test, suggesting
a slight increase in stereopsis up to age 35, and a continuous
drop after age 50. Dr. Hofstetter notes that other investigations
of stereopsis have not shown this, and that the scores obtained
depend on factors other than stereopsis. Drs. Fry and Kent in-
vestigated the relationship between stereopsis and blurredness,
and showed that stereopsis decreased rapidly with increases in
blur (Hofstetter, 1956; 1962).

The determination of the presence or absence of depth dis-
crimination by U.S. government agencies is used for a variety
of purposes. The U.S. Navy employs the Verhoeff Stereopter
for qualification of naval aviators and candidates for flight train-
ing. Qualification consists of correct answers for each of the
eight positions of the rods. Three separate runs may be made
with the apparatus held at a distance of one meter from the exam-
inee, who must report eight out of eight correctly in two of the
three trials. Dr. Trumbull (1951) reported that the coefficients
of reliability for the Verhoeff for four different scoring methods
were .79, 181, 82, and 82, figures which compared favorably
with reported findings on the B & L Ortho-Rater of .83, and for
the Keystone Telebinocular of .80. One study of the Howard-
Dolman gave coefficients of reliability varying from .69 to .78,
depending on the settings used—behind, in front, etc. The U.S.
Army requires that aviators pass the Verhoeff test, i.e., no
errors, when used in lieu of the U.S. Air Force Vision Tester.
Both Army and Air Force require that the applicant makes no
error in lines B, C, or D when using the AF Vision Tester
(Machine). The Air Force also uses the Verhoeff with the same
requirement as above—no error in any trial. In addition, the
Air Force provides a third alternative, the Howard-Dolman test,
in which the average error must not exceed 30 mm.

The stereopsis test in the AF Vision Tester is rated from
57.7 per cent to 100 per cent stereopsis on the Shepard-Fry
scale. This could lend itself to scaling for determining the level
of stereopsis in each case, thereby providing a numerical value
for possible automatic recording.
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SOME DISTINCTIONS BETWEEN PERCEIVED
DEPTH AND DISTANCE!

Olin W. Smith
Cornell University

The report of Working Group 20 of the Armed Forces-NRC Com-
mittee on Vision by Drs. Jampolsky and Morris (1964) includes
distance judgments as one of the visual parameters for which
grades of visual fitness should be established for pilots. A logi-
cal extension of the task of Working Group 20 would be a discus-
sion of standard laboratory tests of perceived distance, the
natural assumption being that any one of several laboratory tests
of perceived distance could prove to be useful as a screening
device.

The above strategy for the solution of practical problems has
been so successful that the path from laboratory to field has
been worn bare. Of the eleven parameters listed by Drs. Jam-
polsky and Morris (1964), however, distance judgments will prob-
ably be the exception. The reasons are numerous. One is that
there are, at present, no standardized laboratory procedures or
tests for perceived or judged distances. Standardization implies
only that generally agreed-upon procedures are employed in the
administration of a test and that norms of performance for some
population have been established. A second is the assumption,
implicit in the strategy. that some laboratory test of perceived
distance will prove to have predictive validity of field percep-
tions of distance in general. This means, other things being
equal, that the perception or judgment of distance is independent
of the requirements of the task. This paper attempts to prove
that assumption to be false. A third and most important reason

1. This paper was supported in part by PHS Grant No. B-1586 to
Cornell University,
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is that no general agreement in the literature exists for distin~
guishing between the data and the theory of perceived depths and
the data and the theory of perceived distance.

A basis for distinguishing between perceptions or judgments
of depth and distance are proposed (Gogel, 1964), as well as
three subclasses of distance judgments coincident with the dis-
tinction between depth and distance. The theory of perceived
depth is demonstrated to be inadequate as the theory of distance.
In addition, phylogenetic evidence is cited to demonstrate a
hierarchy of behaviors, the lowest being indicative of visual
direction, the next being perceptions of depth, and the highest
being judgments of distance.

Most students of perception have been content to work in the
laboratory and have exhibited little interest in clinical practice.
By clinical practice is meant the application of laboratory tech-
niques, theory. and data to field problems. Consequently, the
literature is, for the most part, a literature of the traditional
problems of the laboratory. In this literature, the theory of
depth has been accepted as the theory of distance, and vice versa.
Therefore, measures of perceived depth have been frequently
accepted as measures of perceived distance.

Perceptions of depth and distance differ in a number of ways,
and perhaps the easiest way of describing these differences is
by examples. A relatively uncomplicated instance of a perceived
depth is that of a single light or spot in an otherwise dark field.
When viewed monocularly, the location of the light or object is
perceived as being merely “out there." In this sense, a perceived
depth is involved. Perceived distance of the light or object is
not a necessary condition for perceiving a depth. The proof is
that observers are incapable of judging the true distance of the
light or object in terms of some physical unit, such as a foot,
or a yard. Crdinarily, a perceived distance is a perceived depth
that is scalable in terms of physical units such as feet, yards,
stopping distance of a car, "jumpable' distance, or landing dis-
tance of a plane. A number of different types of physical units
exist. Therefore, the above definition of perceived distance re-
quires further qualification.

Take. for example, a lincar, perspective line-drawing of a
tunnel in which a box is portrayed as resting on the floor. Judg-
ments of which points on the floor are nearer or further away
than the box can be obtained with no difficulty. Similarly, frac-
tionation judgments can be easily obtained. Both types of judg-
ments can be accurate under conditions in which observers are
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incapable of estimating the physical magnitudes of the portrayed
space. Consequently, these types of judgments are evidence of
perceived depth, rather than distance.

Depth and distance judgments do not necessarily differ accord-
ing to the type of scale used. For example, judgments of "nearer"
or "farther," and bisections can lead to ordinal and ratio scales,
respectively, without involving true, distance judgments. From
this it may be concluded that the type of scale. be it nominal,
ordinal, interval, or ratio, is not the basis for determining
whether any one set of judgments is evidence of perceived depth
or distance.

The method of reproduction under everyday-life conditions
can pose problems for any definition of perceived distance. Three
examples may serve to clarify further the distinction between
perceived depth and distance. These examples involve assump-
tions about the process, or how judgments are made.

Consider the task of having an observer adjust a marker so
that it appears to be at a distance equal to that of the standard.
Assume the visual angle of horizontal separation of standard
and variable to be 1°. The observer causes the standard and
variable to appear equal in distance. This is a depth judgment,
since discriminations of merely nearer or further can account
for the judgment of equality. These discriminations do not re-
quire judgments of the distance of either standard or variable
in terms of physical units, such as a foot, or a yard. :

A second instance or reproduction is that in which the observer
reproduces the apparent distance of a standard object. In this
case, assume the angular separation of standard and variable to
be 180°. This type of judgment is evidence only of a depth per-
ception, since the apparent depth of the standard can be repro-
duced in terms of the apparent depth of the variable. No esti-
mates are required in terms of physical units for the judgment
of equality of apparent depths.

A third instance of reproduction is illustrative of the transition
from perceived depth to perceived distance. In this case, the
observer is given corrected practice in reproducing a perceived
depth. With sufficient practice the perceived depth of the stan-
dard can be reproduced accurately. These reproductions consti-
tute scalar units for the measurement of extents much greater
than that of the distance of the standard during training. In this
case, the observer need not know the physical dimensions of the
unit. prior to its successful use, for scaling depths in terms of
a physical unit. The successful scaling of any perceived depth
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in terms of physical units sufficient for perceived distance in-
volves distance constancy, since equal units of physical distance
at different distances from the observer subtend different visual
angles.

An apparent exception to the requirement of distance constancy
is learning to identify a specific distance. This is, however,
really only a nominal judgment. Suppose that the distance from
an observer to an object has been measured, and the observer
has been told that object is at 30 yd from his position. The ob-
server learns that the apparent depth of object x is to be named
"30 yd." As a consequence of this learning, he is also able to
judge other objects in other fields of view as being at an apparent
depth equal to that of object x. This type of judgment should also
be classified as a depth judgment. The reason is that the appar-
ent depth of object x from the observer is the unit. The unit
could have been labelled A, B, C, or D with the same results as
the designation of 30 yd. Consequently, the label of the unit is
of no material importance for classifying a judgment as evidence
of perceived depth versus distance. The important distinction
is that of process. The assumption here is that judgments of
distance require processes of scaling in addition to those re-
quired for perceived depth. Phylogenetically, this assumption
is believed by the author to be correct and evidence will be ex-
hibited to support it.

Visual direction, depth, and distance can be concomitant per-
ceptions for the human adult as well as for other primates. The
simplest or most primitive of the three, however, is visual
direction. Reflex motor responses to light are common in photo-
tropic insects. No evidence indicates that these insects experi-
ence depth or distance in the usual sense of the words.

Many fish are likewise phototropic, but demonstrate also that
they perceive depth as well as visual direction. Fish, such as
the pike or Pacific salmon, give clear evidence of ordinal judg-
ments of depth. That is, they can discriminate visually between
overtaking or being left behind.

The Pacific salmon is of special interest. It perceives verti-
cal depths, and will leap at barriers beyond its physical capacity
to mount. This act indicates that the salmon is very inaccurate
in scaling perceived depths in terms of leaps or jumps. The
discrimination of the existence of a barrier may be sufficient
for an attempt to jump or leap it. In this sense, the perception
is indicative of a nominal scale, the presence of a vertical depth
but not of scaled distance. Evidence required of the salmon for
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perceived distance would be leaps graded in magnitude for the
perceived heights of barriers. Since this evidence is not well
established, most imperfect, if any, perceptions of distance by the
salmon may be assumed. Consequently, perceived distance, as
defined here, probably occurs only in higher organisms.

Porpoises, many land-based mammals, and the primates pro-
vide excellent evidence of perceived distance by their motor acts.
For this reason, three types of physical units are proposed for
the scaling of depths in distance terms.

Class I is composed of motor acts such as a step, jump, or
arm's length. These units are measurable but still private to
the perceiving animal. As units they are less precisely defined
than units, such as a centimeter. As a unit, the motor act is the
most primitive, since it is applicable to the widest range of
species.

Class Il is composed of units that are defined by objects con-
trolled by some animal. In all instances, the objects serve as
extensions of the behavioral capacities of the animal. Two sub-
sets are proposed. The first comprises the physical dimensions
of objects, such as planes and automobiles. The physical sizes
of these objects are precise physical units by which depths can
be scaled.

The second subset is composed of the performance capabilities
of objects controlled by the perceiver: a good example of this
subset is the comparison of a V. W. and a Ferrari in terms of
their capacities for acceleration. Other things being equal, a
Ferrari can overtake and pass another auto successfully when
a V.W. cannot. In either case, the unit of judgment is not precise.
But, in either case, the performance characteristics of the ve-
hicle provide a known unit of judgment.

Class III is composed of arbitrary units of precise physical
values. Examples are feet, meters, and depth-extents that can
be measured precisely, but need be identified by the perceiver
only as units. Most instances in the literature in which these
units have been used have involved human observers.

This little classification system can be very useful for a
number of reasons. First of all, it suggests that different pro-
cesses of perception or judgment are required for scaling depths
in the different types of distance units. Phylogenetically, this
seems to be the case. The developmental literature of humans
most definitely reveals an order of maturation parallel to the
three classes. For instance, visual direction and depth can be
demonstrated early in life, while the earliest evidence of per-
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ceived distance is given by motor acts. Successful scaling in
units of a foot or of a yard is a fairly difficult task. The lowest
age of accomplishment has not been well established, but ten-
and eleven-year-old children can experience difficulty.

The classification system also is evidence of why the theory
of depth cannot possibly be the complete theory of distance. In
a quantitative sense, measures of distance will always contain
sources of variance foreign or extraneous to measures of depth.

Another line of evidence confirms this. Spatial tasks involving
perceptions of depth and distance have been investigated exten-
sively by psychometrists. They have used theories and methods
radically different from those of traditional perception to predict
how well individuals and groups can learn to perform spatial
tasks. Their theories have been, for the most part, the theories
of measurement, analysis, aptitudes, and test construction. Tra-
ditional theory of depth has been of but limited or no utility in
the prediction of performance on these spatial tasks. Psycho-
metric success in predicting spatial performances is clear evi-
dence that substantial components of many spatial tasks are
independent of perceived depth.

The successful, scientific clinician of perceived distance must
necessarily be task-oriented. The degree to which he may be
successful will depend to a large extent on how well he can make
job analyses of the tasks for which his clinical advice is sought.
The classification system can be useful in this respect, and can
serve as a guide for determining whether some act is dependent
on depth perceptions, or distance judgments.

For instance, the tasks of driving and flying have been re-
peatedly analyzed. Repeatedly, these tasks have been asserted
to require accurate judgments of distance. When this classifi-
cation system, however, is used to analyze landings and take-
offs of both light and heavy land-based planes, the analyses
reveal that perceptions of distance are not necessary for the
successful performance of either task. This does not mean that
judgments of distance cannot be necessary at times. Whether
they are or not depends on the conditions, and how the tasks are
performed. The analyses do reveal, however, that perceptions
of visual direction and depth can be sufficient for the successful
performance of both tasks.

A similar analysis was made of many components of the task
of driving. Here again, perceptions of visual direction and depths
can be sufficient. In fact, many of the components of driving
require relatively low-level perceptual abilities. A rather humor-
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ous bit of evidence confirming this was the arrest of a monkey

in Florida for driving without a license. The monkey was accom-
panied by his owner, of course, but still the monkey demonstrated
adequate tracking skills in guidance. In driving, however, percep-
tions of distance may also be necessary at times.

Theories of distance will necessarily be oriented, if they are
to be effective, to the relevant classes of judgments. Moreover,
there is no rational basis for expecting the theory and data of
one class to account for, or to predict performance on other
classes of judgments. If true, this means that the laboratory, in
the traditional sense of the word, will not be able to provide the
clinician with any test of distance perception that can be expected
to have uniform and general predictive validity.

The units of the three classes of perceived distance must be
learned before they can be applied. Some units, such as yards,
can be learned readily by human adults, while less precise units,
such as the performance capabilities of planes, may take several
months to learn.

The performance characteristics of planes, in general, vary
greatly and determine the depths and possible distances that
need to be perceived for successful operation. Because of this,
the grades of visual fitness that were suggested by Drs. Jampolsky
and Morris (1964) should be oriented toward the requirements
for the successful operation of different classes of planes, rather
than planes in general.

The above point can be illustrated readily. Assume a 12,000
ft runway with heavy and light planes having '"no brakes'" braking
distances of 8,000 and of 2,000 ft respectively. The heavy plane
can be touched down within a range of 4,000 ft for a successful
"no brakes' landing, while the light plane has a range of 10,000
ft. Assuming standard deviations as indices of accuracy of visual
fitness, the pilot of the light plane can he as much as 250 per
cent less accurate than the pilot of the heavy plane in accomp-
lishing a successful landing.

Some depth discriminations involved in flying are probably
as specific and task-determined as are distance judgments.

For instance, the nature of the learned discriminations that are
necessary for pilots of heavy, carrier-based planes is decidedly
more exacting than those of pilots of equivalent, land-based
planes. This suggests the possibility of differential standards
for pilots of equivalent classes of planes dependent on whether
the planes will be based on land or on carriers.

In conclusion, the visual parameter of judged distance that
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was sugpested by Drs. Jampolsky and Morris (1964) should be
subdivided into measures of depth and measures of distance,
both of which involve substantial learning components. So as to
be useful in establishing visual requirements for flying, the mea-
sures should be based on the types of discriminations and judg-
ments imposed on pilots by the various classes of planes in use.
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HETEROPHORIA AND OCULAR ROTATIONS
or

BINOCULAR COORDINATION

Arthur Jampolsky
Institute of Visual Sciences, Presbyterian Medical Center
San Francisco

The test objectives are to determine (a) if the eyes work together,
and (b) how well the two eyes work together, i.e., whether they
will continue to do so under normal, dynamic, and stress condi-
tions.

It is the binocular-coordination capability that is to be deter-
mined. The term heterophoria, by definition, is limiting. The
term binocular coordination defines assessment of any degiree
or type of latent or manifest deviation, and gradations of secur-
ity of fusion-lock.

The assessment of this visual capability traditionally requires
many judgmental values in the assessment because of the many
variables inherent in the testing procedures and interpretation.

1. Whether there is fusion present or not is determined by
both sensory and motor tests. Fusion is here defined as the
presence of bifoveal (full) fusion for the primary positions.
There are several sensory tests by which one may subjectively
determine the presence or absence of bifoveal fusion. The deter-
mination, by tests of the motor apparatus, that there is no latent
or manifest deviation for the primary position implies that there
is bifoveal fusion.

2. How well the eyes work together may be determined by
tests to detect both sensory and motor defects, and by tests
which impose both sensory and motor stresses upon the security
of the fusion-lock.

a. Motor defects, which must be overcome by the fusion
apparatus, consist of any latent deviation in the primary position,
or any oculorotary defect which may produce a difference in
deviation in some other non-primary positions.
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b. Sensory defects, such as suppression or inhibition of
a region (usually macular) of the binocular field, may exist with
good "fusion,' adequate fusion amplitudes, and little or no motor
(deviation) defect.

c. Motor and sensory stresses upon the fusion-lock are
provocative tests to assess the security of the fusion-lock. The
usual motor stress is the imposition of prisms during fusion
whereby fusion-vergence innervation is required to overcome
the prism-induced stress. The so-called '"recovery point'' of
the fusion amplitude is the most reliable. The sensory stress
of the fusion-lock is the degradation of fusionable contour by
diminishing contrasts, or otherwise blurring the image of one
eye relative to its fellow. Specific tests are discussed later.

There are certain problems relative to the determination of
binocular cooperation which are unique to the assessment of this
particular visual parameter. Here, precisely what the basic
deviation consists of, that one seeks to detect, is often a problem
of disagreement. For this presentation, it will be assumed that
the basic deviation (motor misalignment) is that deviation which
the fusional-vergence innervation must overcome to keep the
deviation latent. This fusion-free position is the deviation re-
maining when fusion is maximally disrupted, with all of the other
tonic influences remaining during the testing of an alert, atten-
tive subject under the habitual, everyday-seeing situation. The
fusion-free position definition usually implies an emmetropic
state, or refractive-error correction in place. For testing pur-
poses relative to this symposium, it will be assumed that the
habitual situations, with or without customary correcting lenses,
are used during the test.

The causes of the variability in the testing procedures and
interpretation are discussed in four parts: 1. the target; 2. the
test environment; 3. the subject; and 4. the examiner.

1. The target size, shape, color, contour boldness, and accom-
modative stimulus, all are of importance in the test determination
and must be specified.

2. The environment factors of illumination level, peripheral
fusional contours, empty fields, the natural situation versus
utilization of red-green lenses, and extraneous light sources
are of importance.

3. The subject's head position, attention status, attitude rela-
tive to the desire to do well or poorly affect the test determina-
tion.
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4. The examiner's interpretation and habit patterns, rapidity
of test determination, etc., similarly affect the test results.

It is not surprising, therefore, that testing procedures for
heterophoria and ocular rotations have been specified in detail,
the equipment listed, and manuals prepared. The presence of
the above four classes of many variables have usually neces-
sitated judgmentally derived decisions in assessing this visual
capability after the test determination has been completed.

A machine-testing device, such as the Armed Forces Vision
Tester, standardizes some of these variables by better head
fixation, and standardization of the test targets and the visual
environment.

Another historical problem in the assessment of this visual
parameter has been the failure to detect small angles of frank
esotropia (manifest deviation) with a sensory adaptation of ano-
malous correspondence, and the failure to detect certain congeni-
tal rotation restrictions such as Duane's and Brown's syndromes,
or intermittent exotropia.

Culver, in a critical re-evaluation, found 22 instances of
heterotropia in trained pilots. No value judgments are here
implied, but it should be noted that such diagnoses should and
can be detected during an adequate and simple screening proce-
dure.

Brown's and Duane's syndromes are often missed because the
subjects exhibit perfect motor and sensory fusion in the primary
positions. Very marked restrictions of rotation in non-primary
positions may be easily overlooked during a cursory examination
of ocular rotation if the subject's head is not fixed during the
maneuver.

Subjects with intermittent?«otropia'similarly may exhibit
perfect motor and sensory fusion for the primary and even non-
primary positions, the deviation becoming manifest only in a
situation with a poverty of peripheral, fusionable contours, such
as a 'blank-sky' background, or during night driving, etc.

Now to return to the test objectives and specific testing pro-
cedures. It is clear that the objectives are to determine

1. the presence or absence of a full fusion-lock under habitual
conditions for distance and for near fixation (40 ¢m), and

2. how secure is the fusion-lock in the primary and other
positions of gaze.

Clinical tests and laboratory tests do not materially differ in
assessing this visual function.
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Both subjective and objective tests are used for this assess-
ment, the former requiring the subject's response relative to
his visual percept (applied psychophysics). The latter usually
involves the examiner's observation of the subject's eyes for
detection of the deviation or rotatory disability.

What is not commonly ui)preciated is the fact that objective
tests may be employed to determine both fusion status (ordinar-
ily, subjectively determined), and the motor defects.

1. Subjective tests for the fusion status seek to determine the
presence or absence of foveal suppression. The presence of 100
per cent stereopsis implies bifoveal fusion, but it must be recog-
nized that '"perfect' sensory and motor fusion may occur, with
good fusion amplitudes and stress tolerance, without the percept
of stereopsis.

Subjective tests which determine that there is no deviation
in the primary positions are commonly utilized, and it is implied
that there is a fusion-lock.

The ideal test criteria for this subjective test requires maxi-
mal dissociation (fusion disruption). Maximally dissipating the
fusion innervation results in the determination of the defined,
basic deviation, whether it be latent or manifest.

The testing method usually employed dissipates*fusion only
in a relative manner by creating a dissimilarity between the
images falling on the two retinas. The Maddox rod, or red glass,
either changes the shape of the observed spotlight target into a
streak image, or changes the color of one spot. Alternatively,

a vertically placed prism before one eye, in an amount to exceed
the vertical fusion amplitude, creates diplopia, and the deviation
is determined by a graduated, horizontal prism to align the
diplopic spot vertically.

The subjective test to determine the deviation for near fixa-
tion (40 cm) should be of the same construction as the subjective
test used for distance fixation. Often this is not the case, and a
different test is used for near than is used at the distance, with
the expected addition of variables.

The Thorington test at near fixation is a suitably performed
Maddox rod test with good accommodative control, and consists
of a small back-lighted pinhole in the center of a card held by
the subject. The Maddox rod before one eye of the subject gives
the percept of a line which is localized by me:ns of a horizontal
or vertical row of print centered around the pinhole. Alterna-
tively, the prism-dissociation method, or a Maddox Wing test,
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FIG. 1. Diagrammatic representation of subject's percept
during following tests for basic deviation (left to right):
Maddox rod, red-glass test, and prism-dissociation methods.

is sometimes used with different accommodative stimulus con-
trol, and even a different testing distance (Maddox Wing at 33 ¢m).

The principal criticism of the above-described subjective
tests is that there is incomplete dissociation, and insufficient
dissipation of the fusion innervation, since each retina receives
an image, although differing in size, shape, or color. Often,
there is a learned zero point, and non-naive subjects frequently
know well how to describe a '"perfection'' endpoint or orthophoria.
The examiner is at the mercy of the subjective response. In
addition, the target design and environmental, visual surround
are usually encountered variables.

These same subjective tests when used for detection of oculo-
rotatory defects should employ a fixed head position. As usually
performed, the head is not fixed, and thus the subject may make
small but significant head movements in order to report either
little or marked difference in the nonprimary positions of rota-
tion, depending often on his desire to pass the test or exaggerate
a defect.

2. Objective tests for the fusion status such as the cover test
are preferable in that they require only that the subject fix a
target and that the observer detect eye positions and movements.
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With these simple ingredients, it is possible to determine very
adequately the fusion status as well as the type and degree of
deviation in the primary and non-primary positions of gaze.
Criteria for the cover test are:
1. central fixation in each eye
2. a method of occlusion control of either eye
3. observation or recording of eye movements or positions.
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FIG. 2. Cover test in esophoria.

1. No obvious latent deviation.

2. Cover left eye; no movement right eye, which was, therefore, fove-
ally fixing under binocular conditions. Slow adduction of covered eye
may be roted as fusion innervation subsides following disruption of fusion
by cover as eyes assume basic deviation position or relative convergence.
3. Removal of cover; no movement of right eye as it continues to fix fo-
veally. Abduction of uncovered left eye occurs as fusion realigns visual
axes in parallelism and fusion lock. Possible oscillatory movements of
both eyes as fusion lock is regained because of diplopia observed imme-
diately upon removal of cover. Type of movements observed depends on
which image is being observed before refusion occurs.

4. Cover right eye; no movement of left eye. Therefore, there was also
foveal fixation of left eye under binocular conditions. Since foveal fixa-
tion of right eye (2) and foveal fixation of left eye (4) are found to exist
where binocular conditions are present, manifest tropia is ruled out.
Slow adduction of covered eye may be noted as in (2).

5. Removal of cover produces results same as in (3). Cover-uncover
test in this circumstance rules out a tropia. Type of phoria is deter-
mined by direction of movement of covered eye. Same explanatory notes
exist for exophoria with exception that covered eye abducts.
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Monocular Right Esetrepia

FIG. 3. Cover test in monocular, right esotropia.

1. Manifest deviation of right eye may be observable.

2. Cover right eye, no eye movements; therefore, left eye was foveally
fixing under binocular conditions. No eye movement of covered eye since
eyes are already in position of basic deviation.

3. Removal of cover, no eye movements. Therefore, persistent, constant
esotropia exists, with no fusional attempts.

4. Cover left eye, version movement (parallel movement of both eyes)

to right, for right eye to assume foveal fixation. Therefore, right eye
under binocular conditions was in adduction, and abducted to fix foveally.
This parallel movement to fix carried covered left eye with it.

5. Uncover left eye; version movement to left in order for dominant left
eye to assume habitual foveal fixation, carrying right eye with it to its
usual esotropia basic position. In this instance, left dominant eye is
habitually used in fixation, although it has been demonstrated that right
eye is capable of fixing, but not maintaining fixation under competition

of binocular situation. Same explanatory notes apply to constant, mono-
cular exotropia, but with opposite movements.

The advantages of the objectively performed cover test are:

1. maximum dissociation, i.e., one or the other eye com-
pletely occluded

2. A qualitative and quantitative determination of the
deviation

3. good sensitivity, i.e., one-to two-prism diopters of
observation, with more sensitivity for recording techniques

4, easily performed in the primary, or any non-primary
position or circumstance (habitual or otherwise).

115




Another objective test for the fusion status (presence or ab-
sence of bifoveal fusion-lock) is the prism, eye-movement test.
This objective test of a sensory (usually subjectively determined)
defect of foveal suppression can be done in any eye position or
circumstance. The subject merely fixes a small light source
with both eyes open. A four-prism dioper prism is introduced
base-out before one and then the other eye, and the eye move-
ments are observed or recorded.

EXAMINER
OBSERVES
THIS

| \|_noto_womizONTK EYE

EAR SIDE

\
NOSE SIDE J

\ L)om WORIZONTAL ___—
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FIG. 4. Prism-binocular, eye-movement strabismus
test. Prism is so marked as to obviate any confusion
relative to correct positioning before either eye.
Examiner especially notes movement of eye without
prism, when prism is placed before fellow eye, and
again when it is removed. Test is then repeated by
introducing and removing prism before each eye in
turn.

If the observed left eye of the subject (Figs. 4 & 5) is not
participating in binocular foveal fusion, i.e., is foveally "blind"'
or inhibited, there will be a conjugate movement of the eyes if
the prism is introduced before the fixing right eye. It is this
conjugate movement of both eyes which conveys the information
that as the foveally fixing right eye moves to fix the prism-

displaced image, the left eye is carried along as "excess baggage,"

and the image movement in the left eye over the inhibited macu-
lar area is unappreciated and elicits no compensatory eye move-
ment. Further, when the prism is placed before the left eye,

the image shift over the inhibited or suppressed area is unno-
ticed and elicits no shift in fixation of that eye, i.e., that is no
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FIG. 5. Prism-binocular eye-movement strabismus
test. A represents convergent strabismus of left eve
under usual circumstances. B shows patient's left eye
move and stay moved as prism is placed before good,
fixing right eye, indicating left eye strabismus in this
case (esotropia). When prism is removed from right
eye, left eye is observed to move back to its original
position (nasalward). Positive test for strabismus
exists when observed eye (without prism) is seen to
move and stay moved when prism is introduced, and
is seen to return and stay returned when prism is
removed. Actually, more careful observation of both
eyes will reveal a version {conjugate movement of
both eyes when prism is introduced, and again when
prism is removed, in circumstances where positive
test exists). C when prism is placed before strabis-
mic eye, observed right eye does not move.

eye movement of either eye. Thus, either "no' eye movement,
when the prism is placed before one eye, or a conjugate eye
movement when the prism is placed before the fellow eye, ade-
quately determines the presence of foveal mascular suppression,
i.e., the absence of bifoveal fusion-lock.

There are many intermediate types of reactions of conjugate
shifts followed by slower fusional movements, but either of the
above two clearly detected responses allows clear-cut scri-ening
for this aspect of binocular coordination.

How well are the two eyes used together ? How secure the
fusion-lock is may be determined objectively by (a) the cover-
uncover tests or (b) the alternate-cover tests.
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These well known, clinically used procedures are adequately
detailed in texts and are merely illustrated here by Fig. 2 and 3.

The principal disadvantage of the objectively performed cover
test for the purposes of a visual screening-testing technique is
that it requires a trained professional for testing and interpreta-
tion. However, as will be seen, it is possible to extirpate the
examiner from the testing procedure, and to machine-automate
the maneuvers and interpretations.

The recommended test for the determination of the deviation
in the primary position for present testing procedures embodies
a combination of the subjective localization with a white Maddox
rod dissociation, along with the cover-uncover test maneuver.
The eye before which the Maddox rod is placed remains covered
except for a brief flash exposure, sufficient for subjective, rela-
tive localization of the two dissimilar images, but insufficient
time for fusional innervation eye movements to take place. The
image separation is a measure of the basic deviation. This may
be quantified with prisms.

It is important to randomize the zero point. The test should
optimally be done with machine-controlled target and environ-
ment variables, and may easily be programmed for both distance
and near habitual fixation circumstances. Dr. Sloan has shown
that there is a good correlation between such machine-derived,
test results and the usual free-space, clinically performed tests.

The improved head fixation in a machine-controlled device
allows performance of the same test in different positions of
gaze in order to detect oculorotatory defects.

One may predict that there is little or no change of the ocular
deviation with age in adults except during incipient presbyopia.
Here, enhanced efforts of residual accommodation may elicit
excessive associated convergence. After the presbyopic correc-
tion is applied, it is not surprising that there may be a transient
exophoria.

There is a slight but easily demonstrable restriction of upgaze
with age that is augmented by debilitation, fatigue, and general
systemic diseases.

Training, or enhancement of the security of fusion-lock by
antisuppression, orthoptic procedures, or increase in the fusional
amplitude, is possible. However, adults may not maintain these
often transient benefits.

The future potential for a '"best test' would have the following
requirements:
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1. cover-test advantages and criteria h

2. machine-controlled variables (head fixation, target, and
visual environment)

3. programmed, cover-uncover maneuver

4. recording of eye position and movements by corneal-
reflection methods

5. automated interpretation.

The subject is required only to fix and read programmed iso-
lated letters with each eye separately. The technician is required
only to set zero on the recorded corneal reflection of each eye
during its fixation. The technician also monitors the head posi-
tion in the chin and forehead rest of the machine.

Fig. 6 shows a patient with a small-degree, right esotropia
with suppression and amblyopia, and diagrammatic recordings.

The programmed introduction of the four-prism diopter prism
before the right eye elicits no eye movements, nor does its
removal. The four-prism diopter prism before the fixing left
eye elicits a conjugate eye movement, and, similarly, a conjugate
movement to re-fix by the left eye when the prism is removed.

Fig. 7 (exophoria) shows a diagrammatic recording of the
covered right eye as the fusion innervation is slowly dissipated,
and the fusion-free position is attained. The programmed un-
cover of the right eye shows a fast refusion movement. The pro-
grammed cover and uncover of the left eye shows similar move-
ments of the left eye. Alternating the cover before each eye
shows alternate fixation during the fusion-free deviation position.

Fig. 8 (esotropia right eye) shows a diagrammatic recording
of the movement of the right eye after each eye is zero-set. This
reveals a right esotropia under binocular conditions. This is
confirmed as being real rather than an artifact, by the conjugate
movement elicited when the left eye is covered and the right eye
assumes central foveal fixation. Programmed uncover of the
left eye shows a conjugate movement of both eyes in order for
the habitually fixing left eye to regain fixation. Covering or un-
covering the right eye, or a four-prism before the right eye,
elicits no movement, while a programmed four-prism before the
left eye elicits a conjugate movement as expected.

Thus, the four-prism diopter, binocular eye-movement test,
and the nuances of the cover-uncover and alternate cover maneu-
vers may be machine-automated, and the resultant recording in-
spected, or automatically scanned and classified.

Some "in-between' fusion states, i.e., coexisting phoria-tropia
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*Diagrammatic representation of automatized recordings of character-
istics of different types of ocular deviations. See text for explanation.
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states, and sometimes combined conjugate-fusion vergence move-
ments do not conform to the clearcut, diagrammatic examples
shown.

Additionally, the motor stress determination of the recovery
point of a fusional amplitude may be programmed so that the
recovery point triggers the prism-diopter notation. Rotatory
defects and eye-tracking tests may also be performed and re-
corded for the different non-primary positions of gaze.

Thus, a very adequate fully-automatized screening device to
detect both the fusion status and the deviation in the primary or
non-primary positions, may be employed to assess the binocular-
coordination visual capability. Such a device is presently being
constructed.
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LABORATORY MEASUREMENTS OF THE OCULAR
ROTATIONS, HETEROPHORIAS, AND
OCULOMOTOR COORDINATION

Kenneth N. Ogle
Mayo Clinic and Mayo Graduate School of Medicine
University of Minnesota

The ability of a person to turn his two eyes in all directions of
gaze in the visual field (the versions) is most important. Func-
tionally, however, precision in regard to these ocular rotations
is unnecessary. Limitations or defects in those rotations can be
readily detected simply by observing them under clinical proce-
dures. The determination of the oculomotor coordination of the
eyes for the maintenance of binocular vision at all observation
distances involves more subtle procedures.

For a pertinent study of oculomotor imbalances, some kind
of a measurement is really needed when the eyes are being nor-
mally used binocularly with fusion. Only the fixation-disparity
method provides such a measurement. However, when fusion is
prevented, and one eye continues to fixate an object at a given
distance, the other eye, under cover, turns to a position frequently
called a fusion-free position, or a relative position of rest, that
is to say, to a position relative to the stimulus to accommodation.
It is assumed that the difference in the angle of this fusion-free
convergence and that angle of convergence required for binocular
fixation and fusion is a measure of the oculomotor imbalance,
the rationale being that it represents, in a way, the amount of
muscular energy constantly expended to maintain binocular fixa-
tion. Actually, of course, this energy expenditure varies between
individuals and depends on several factors, among which are the
prism vergences and the accommodative convergence/accommo-
dation ratio.

Since only in sleep, and, perhaps, momentarily when the eyes
are in extreme positions of lateral gaze, are the eyes ever nor-
mally disassociated—and, in sleep, there is no vision—is it any
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wonder that Marlow thought habituation of stress within the oculo-
motor processes would forever prevent determination of the true
heterophoria. Although prolonged occlusion of one eye did, in
fact, show some changes in the heterophoria measurements, the
interpretation of the changes found as to whether they represent
the normal heterophoria may be questioned.

In any discussion of heterophorias, the question always arises
to what extent they can give rise to ocular discomfort. Ophthal-
mologists are by no means in agreement on this question, some
maintaining that a heterophoria never causes ocular discomfort
except when it is near a prism-~vergence limit—that is, when the
imbalance is such that diplopia is prevented only with consider-
able effort. This point of view arises partly because of the large
number of subjects known to have marked heterophorias, but who
report no symptoms of ocular discomfort, and partly because
in some patients, the wearing of ophthalmic prisms only slightly
modifies the phoria. On the other hand, there are those ophthal-
mologists who believe there are great individual differences be-
tween persons in respect to ocular discomfort, and that for some
persons the symptoms of discomfort can be alleviated by prisms
even when the heterophorias are small. This situation is certainly
true for some persons with vertical phorias, though this definitely
does not apply to all or even to a majority of cases. It has been
maintained in the Armed Forces that large heterophorias can
cause discomfort to the point of their interfering with the man's
job performance. Granting this point of view, the problem is to
know what are the limits for and the situations under which a
heterophoria is undesirable.

Consider, therefore, certain aspects of the determination of
a heterophoria.

It is impossible, of course, to make a clear separation be-
tween the measurement of heterophoria in the laboratory and
that made in clinical practice, or in screening tests. Most of the
same problems are involved. In the latter case, however, where
speed is essential, simpler tests must be made. Dr. Louise
Sloan has summarized some of the various aspects of these mea-
surements (Sloan, 1951), and, indeed, it is she who should be
presenting this paper.

In either case, in setting up measuring devices most of the
same problems must be recognized—problems of measurement
and of interpretation. There is also the problem, not to be dis-
cussed here, of being able to distinguish between a heterophoria
and a heterotropia.

123




There are moment-to-moment, physiological fluctuations in
heterophorias which tend to set a limit to which the precision of
measurement can be made. The magnitude of these fluctuations
will vary from person to person, hour to hour, and may be exag-
gerated by small, uncorrected, refractive errors. Changes in
heterophoria may occur also when the eyes are turned to differ-
ent directions of gaze: the problem of anisophoria. False mea-
surements of vertical phorias can occur when large exophorias
are found.

The influence of the partieular stimulus to accommodation
inherent in any device for measurement of heterophoria, and
the concomitant fluctuations that may occur in the accommoda-
tion itself, cannot be ignored.

Instrumental devices may themselves alter oculomotor im-
balance, also, through psychological influences, for example,
apparent nearness, or through physiological influences, such as
field-limiting apertures.

Suppose this discussion is restricted here to concomitant
heterophorias, that is, those heterophorias that stay reasonably
constant over the principal portion of the visual field (£60 arc
degrees). It must be admitted, however, that for a person in
the Armed Forces a nonconcomitant heterophoria might be more
serious than a large, concomitant heterophoria, for example,
in situations depending on dynamic visual acuity.

The most practical test for concomitancy is the red-green
test. Doctor Lancaster (Lancaster, 1939) also considered this
test the most accurate for heterophorias. The subject wears
goggles with red glass before one eye, and green glass before
the other eye. He is seated before a large screen in a dimly
illuminated room. The examiner then projects with a hand-held
projector a narrow, bright-green line on the screen. The subject,
in turn, directs a similar hand-held projector with a narrow,
bright-red line to the screen, until this red line appears to him
to superpose the green line. The actual separation of the two
lines on the screen is the measure of the heterophoria, and its
magnitude can be read by the examiner directly from scales
(which are invisible to the subject) on the screen. The examiner
can easily determine the heterophoria at any position on the
screen. This test is made precise if certain precautions are
maintained. Objections might be made in that the stimuli to
accommodation are inadequate, and for distant vision a really
large screen would be needed.

There is the prevailing tendency to believe that heterophorias
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are best measured when the eyes are under natural conditions
of observation, and when there is as little instrumentation as
possible. Great reliance is placed on the simple, cover test be-
cause of this belief—even with the knowledge that the examiner
cannot be sure how his subject is responding to the stimulus to
accommodation. Although the cover-uncover test is considered
the simplest and the most useful, it lacks precision when one
attempts to measure the fusion-free deviation of the eyes.

Similarly, with the Maddox rod test, the belief is that the
light stimulus should actually be at the distance measurements
are to be made. It is true that Doctor Sloan has presented good
evidence that the heterophorias measured for real distances are
well correlated with those made in a simulated distance using a
type of haploscope. However, for a near-observation distance
this simulated distance may or may not be true because of the
influence of proximal or distance convergence upon heteropho-
rias, a phenomenon which varies greatly with subjects. A com-
mon stereoscope certainly is not recommended because of the
difficulty of determining the stimulus to accommodation. Statis-
tically, however, this proximal convergence is of the order of
1.5 prism diopters per diopter change in the stimulus to accom-
modation, i.e., change in distant vision to near vision.

Because of the synkinesis between accommodation and con-
vergence, control of the stimulus to accommodation is most
important in the precise measurement of lateral phorias. Gener-
ally, one can concur with Doctor Sloan that for measurements
of phoria with the young subjects in the Armed Forces one should
not correct the hyperopia, but rather measure the lateral phoria
under the conditions in which the subject uses his eyes. On the
other hand, if a large esophoria is found, and a large hyperopia
suspected or measured, a refractive correction should be con-
sidered.

The problem of control of accommodation is important in any
test, and the cover-uncover test, especially for near vision, is
subject to error in this regard. With the Maddox rod, the streak
image is not sharp and may have an adverse effect on the phoria
measurement if the stimuli to accommodation for the fixing eye
are not adequate. The use of a biprism before one eye, or a
simple, vertical prism, has theoretical advantage in that both
eyes are subject to the same stimulus to accommodation during
the test.

Much can be said for the test for heterophoria with the Maddox
rod in which the muscle light is imbedded in print, for the print
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provides the adequate stimulus to accommodation. In this test,
the eye observing the streak from the Maddox rod should, for

the most part, be occluded, and then uncovered only momentarily,
the exposure being just long enough for the subject to report
whether the visual direction of the streak, when first seen, was
the same as, or to the right, or to the left of the muscle light.

It must be pointed out that, if the eye seeing the rod is not oc-
cluded, occasionally the subject can voluntarily, though perhaps
unconsciously, control the pointing of the eyes to cause the streak
image to move toward and even to superimpose the image of the
light. Such an effect has been called a fusional movement, but
this explanation probably is not correct. More to the point, how-
ever, is the fact that the blurredness of the streak gives a sense
of nearness, especially when red, with a resulting innervation

for accommodation, and a tendency of the test to show an error
in heterophoria toward esophoria (Lancaster, 1939).

If one keeps in mind the precautions outlined above, and re-
mains aware of the moment-to-moment fluctuations that tend
to decrease precision, the Maddox rod tests can be made rea-
sonably accurate. ;

It is proposed, also, that a most accurate test is the fixation-
disparity test by which oculomotor imbalances can be measured
while fusion is maintained and both eyes are subject to the same
stimuli for accommodation. In this test, prismatic deviation
corresponding to a zero disparity constitutes an associated,
heterophoric measurement.

If prisms are used for near vision with tests such as the
Maddox rod, it must be kept in mind that the angle of prismatic
deviation will be less than that marked on the prism when used
for distant vision. The decrease may be of the order of 10 to 15
per cent, depending on the distance of the prism from the eye.
In the phorometer the error may be even greater. Care must
‘be exercised, also, that the prism is properly oriented before
the eye. Corrections for these errors are not usually made,
either because the examiner is unaware of the error, or because
it is to be understood that the near measurement will be stated
in terms of the prism designation for distant vision.

Because of these various requirements, the need for speed,
and the need for some standardization, it is clear why there
would be a tendency to use some type of machine-testing. Espe-
cially would this be a useful procedure for screening purposes.

There is considerable evidence that phorias change very
little with age, except insofar as the refractive correction may
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have been changed. There is evidence, also, that phorias them-
selves are little changed with training. Phorias can be changed
somewhat by certain drugs, peripherally by homatropine, for
example, and systemically by barbiturates, alcohol, and, prob-
ably, by anoxia.

Some stress should be given to vertical phorias because, of
all the heterophorias, these most often are the cause of ocular
discomfort. Even relatively small degrees of vertical phorias
may be disturbing to some persons.

Mention should be made also of the cyclophorias, which,
although less often encountered, can give rise to discomfort.
The degree of cyclophoria can be estimated in a phorometer
when Maddox rods are placed before both eyes with axes at
right angles to each other. With one eye occluded, the rod (ver-
tical axis) is first adjusted so that the horizontal streak appears
subjectively horizontal. The rod before the other eye is then ad-
justed so that the vertical streak appears subjectively vertical.
With both eyes, then, the two should appear at right angles to
each other. The actual difference between the axes of the rods
measures the cyclophoria. Cyclophoria also can be detected
(but not measured) in the Maddox wing test. It can be most ac-
curately measured with a haploscope.

In conclusion, it is clear that, aside from the fixation-dispar-
ity method of measuring oculomotor imbalances, the means for
measuring heterophorias accurately under laboratory conditions
are essentially those that will be used under clinical conditions,
except for greater care being taken in the design of the test and
in the procedure of obtaining the measurements.
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MEASUREMENT OF THE ACCOMMODATIVE
AMPLITUDE

Gerald Westheimer
Neurosensory Laboratory, School of Optometry
University of California at Berkeley

In evaluating procedures for measuring the amplitude of accom-
modation, there are a few physiological and optical facts that
should be kept in mind.

The process by which the refractive state of an eye is
changed—accommodation—is now quite well understood. Contrac-
tion of the ciliary muscle allows slackening of the zonule of
Zinn, and the lens assumes a shape that is dictated by the elastic
forces operating on it, and the malleability of its substance. The
progressive reduction in amplitude of accommodation with age
is thought to be due to the inability of the capsule to shape the
lens substance, which gets harder with age. A standard table of
accommodative amplitude at given ages has been used for decades:
recent work suggests that a small part of what has been regarded
clinically as accommodation is really depth of focus of the eye.

Effective work has been done in measuring accommodation
by recording changes in the curvature of the anterior surface
of the lens, but cognizance needs to be taken of the fact that this
can never be an absolute measurement. A certain amount, per-
haps as much as one-half, of the added refractive power of the
eye during accommodation is contributed not by changes in the
outside surfaces of the lens, but by internal, refractive changes
in the lens. This is called intracapsular accommodation.

The measurement of the amplitude of accommodation in a
subject must be undertaken with the realization that one is deal -
ing with a cybernetic system, not with an open-loop, physiologi-
cal system. If a subject is focused for infinity and a close-up
target is presented to him a focus error is introduced (Fig. 1).
For an accommodation response to ensue, this focus error has
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FIG. 1. Block diagram illustrating processes involved in
accommodation responses.

to be detected at the sensory level, and then a feedback system
has to be brought into operation to eliminate it. Attempts to
look at the accommodation system from this point of view are
meeting with limited success. Certain features commonly asso-
ciated with servo-systems, such as steady-state errors and os-
cillatior.s in the output, are, indeed, found in accommodation.

The situation is, however, beset by many complications. It
appears that the focus-error detecting system in its purest form
is not direction-sensitive. Ordinarily, the direction of response
is not in error, because of decisions by higher, perceptual pro-
cesses. That more is involved than just a simple servo-system
is also indicated by the fact that the steady-state error is a func-
tion of the information content of the stimulus—it is much higher
in such conditions as dim illumination, and lack of detail in the
stimuli.

The importance of these findings in the clinical measurement
of accommodation is that they emphasize the necessity to manip-
ulate tha stimulation conditions optimally for a full response
to be obtained.
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LABORATORY MEASUREMENT OF
ACCOMMODATION

F. W. Campbell
The Physiological Laboratory
Cambridge, England

In 1937, Geoffrey Collins patented (U.S. Patent No. 2,164,576)
and manufactured in London a prototype model of the first
"Electronic Refractionometer.' It used infrared light to prevent
pupil contraction and photoelectric detection of the signal. It
was primarily designed to estimate the magnitude of refractive
errors, but changes in accommodative power were also observed
with it (Collins, 1937). Some 20 years were to pass before this
elegant instrument was resurrected in a modern form.

The next photoelectric recording optometer was described
by Glezer and Zagorulko (1955). Instead of detecting changes in
the focus of an image formed on the retina, they recorded the
displacement of the third Purkinje-Sanson image formed at the
anterior surface of the eye's lens. Its sensitivity was low, about
0.5 diopters (D), and it was susceptible to eye- and head-move-
ment artifacts.

Campbell and Robson (1959) developed a high-speed, infrared
optometer sensitive enough to investigate the microfluctuations
of accommodation previously described by Arnulf, Dupuy, and
Flamant (1955). The design was further simplified optically,
and altered to permit the use of modern, solid-state phototran-
sistors that have a high quantum efficiency in the near infrared
(Campbell, Robson, & Westheimer, 1959). This research optom-
eter was linear over a range of about 2 D, but was unsuitable
for clinical measurements requiring a greater range and less -
sensitivity. It did, however, serve to establish objectively the
dynamics of the so-called "accommodation reflex" (Campbell
& Westheimer, 1960).

The recording optometer of Allen and Carter (1960) again
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used infrared light, but detection was by means of a large-area
photocathode, a photomultiplier. Although the quantum efficiency
of this type of photocell is low compared with solid-state detec -
tors, its linear properties were used to advantage by designing
the optometer to have a linear signal over a much wider range
of accommodation change. A later prototype of this instrument
is now available, and is suitable for some types of clinical re-
search. .

The instrument of Roth (1962) was designed for the study of
accommodation changes in laboratory animals. Due to the rather
elaborate chopping-system, much light energy is lost. It is
probably of rather low sensitivity if used for humans or animals
with a dark fundus.

The optometer of Elul, Marchiafava, and Nicotra (1964) has
many interesting design points in its optics. It appears to have
very good sensitivity and linearity when used with the cat. It is,
however, subject to artifacts if there is any fore and aft move-
ment of the eyeball in the socket. It has certainly been useful in
the study of accommodation in that animal.

Warshawsky (1964) was the first to attempt the linearization
of an optometer by incorporating a feedback movement to the
position of the effective light-source and photodetectors. This
permitted the use of small, efficient, solid-state photodetectors,
although they are, themselves, nonlinear. One interesting and
important experiment can be done with this instrument—the effect
of opening the accommodative feedback loup.

Larks (1964) describes a "microminiature, automatic record-
ing, infrated coincidence optometer detector module,' which
deserves careful consideration, as it is the first one to detect
focus using only the beam coming out of the pupil of the eye. The
entire module weighs only five ounces, and on this consideration
would be suitable for research during space flight. Additional
lighting and electronic equipment would also be required. Un-
fortunately, the author gives no indication of its sensitivity or
linearity.

It is interesting to note that each group.of workers investigat-
ing accommodation has designed its own recording optometer.
The reason is clear—each group has a rather different type of
data to collect, and no universal optometer is likely to be useful
in all instances. Sensitivity, linearity, speed of response, con-
venience, freedom from eye-movement artifacts, weight, and
cost have all to be considered. The important fact remains that
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sufficient light returns after reflection from the fundus to per-
mit infrared photodetectors to operate.

Can any improvements be expected in the future ? Solid-state
photodetectors already have such a high quantum efficiency as
compared with an ideal detector that it is unlikely that improve-
ments will be significant. The other limiting factor is the intrin-
sic luminance of the light source (not the total power of the
source, but its luminance per unit-area). Clearly, the latter is
the ideal source for this purpose, especially as it can operate
in the infrared region. The only upper limit here is the amount
of light brought to a focus on the lens or retina, for, ultimately,
heat damage to these tissues must result. A considerable im-
provement in signal-to-noise ratio should be achieved before
this pathological limit is reached.

While there are already many practicable, recording optom-
eters suitable for laboratory use, it cannot be said that a fully
automatic one is available which the patient can use for himself
to dispense his personal optometric prescription! Westheimer
(1957) gives an entertaining, Wellsian glimpse into this clinical
future.
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CLINICAL MEASUREMENT OF NIGHT VISION

Jo Ann S. Kinney
Submarine Medical Research Laboratory,
U.S. Naval Submarine Medical Center

In 1961, the work that had been done in the 50's on night vision-
testing was reviewed by the author for the Committee on Vision.
It was pointed out, at that time, that the picture was much
brighter than it had been in the late 40's (Berry, 1949), that the
testing of night visual ability rested on a much firmer foundation
of basic research, and that there was every reason to believe

that individual differences in night vision were sizeable, meaning-
ful, and could be valid predictors of performance at night (Kinney,
1962).

When this task of reporting on the clinical testing of night
vision was undertaken, immediate inquiries were made in a
number of places about the types of mass testing currently
going on. A large and growing body of literature coming from
the group interested in night driving was found. This includes
some clinical testing, studies of tracking, depth perception,

dynamic visual acuity, investigations of the effects of age, and 4

a variety of other interesting and pertinent topics (Allen & Lyle,
1963; Richards, 1964; 1965; Schmidt, 1961).1,2

The night driving group performs most of its investigations
at the specific illumination levels employed in night driving.
Since headlights are always used, these levels are mesopic or
low photopic, rarely falling below .01 ft-L and are above the
range of the major interest here. Nonetheless, the topics being
investigated are of general interest for low-level visual perform-

1. O. W. Richard, Personal communication, 1965.

2. R. W, Reading & H. W. Hofstetter. Extrahoroptinal stereopsis in ve-
hicle-operator orientation. Personal communication, 1965.
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ance, and extending the work to even lower levels should be
very informative.

However, no organized program of night vision testing was
found. As far as the Armed Forces are concerned, there are
only isolated groups doing work on specific, practical problems.
Of the two new tests reported in 1961 by the author, both of
which were based upon considerable research, the Army Night
Seeing Tester was on loan to France and NASA, while the NMRL
Night Sensitivity Test was on loan to the U.S. Army.

It, was therefore, the decision of the author to do some mass
testing, utilizing some of the techniques and information gained
in the past 20 years, in an attempt to answer some specific,
practical questions concerning the measuremepnt of low-level
vision. :

Major problems involved in assessing low-level vision are
the lack of correlation between photopic and scotopic vision and
the fact that both types of vision may be involved to a greater or
lesser extent at certain, intermediate light levels. It was decided
to use a battery of tests, each selected to assess a particular
aspect of vision. One hundred Naval enlisted men were given
the battery. ,

There are, of course, sizeable individual differences in pho-
topic or cone vision and numerous methods of measuring them.
Since the major interest was in vision at the lower light levels,
photopic acuity screening was included only to ascertain that
subjects who had adequate daylight vision were being tested.

Part of the regular physical examination for submarine
school candidates is a test of uncorrected vision using a Snellen
letter chart. If a man fails to read the 20/20 line, he is referred
to the naval optometrist for further examination. The data ob-
tained include his refractive error and his corrected visual
acuity. The 100 men included 50 men who passed the original
screening and 50 rechecks, or those who did not pass. The latter
group consisted almost entirely of myopes who needed glasses
to obtain 20/20 vision, and they continued to use their glasses
for the low-level tests. The photopic data consisted of a score
of 20/20 or 20/15 for each man, and the notation of whether or
not he used glasses.

There were also sizeable individual differences in scotopic
sensitivity, or rod vision, and good correlations were obtained
between scotopic sensitivity and acuity and brightness discrimi-
nation, as long as precautions were taken to stay within the sco-
topic range, and to measure at the same retinal position. The
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* NMRL night vision sensitivity test was chosen to measure this
ability since it had been successful in the past.

The test provides a measure of scotopic vision based upon
sampling the subject's sensitivity at a number of retinal positions
between 5° and 20° from fixation. Briefly, it consists of small
stimuli of various sizes presented at various positions, which
the subject identifies as being above, below, to the right, or to
the left of a central fixation point. A total of 120 stimuli are
presented, and typical distributions of the total number correct
vary from about 30 to 100; the test-retest correlation is .85 to
.90 (Kinney, Sweeney, & Ryan, 1960a)

At the intermediate, mesopic level, there are numerous pos-
sibilities for interaction, and acuity tests at two luminance levels
were included to assess these. Measurement was made with
black Landolt rings of variable size at two light levels, .005 ft-L
or 6.7 log micro-micro-Lambert (uuL), and .0009 ft-L or 6.0 log
puL. Testing was done binocularly at 14 ft and the subject's en-
tire visual field was evenly illuminated. The use of offcenter
vision was explained to each subject. He was told to look first
at the targets directly, but, if he could not see the gap this way,
to try off-center vision. Five Landolt rings of different sizes
were presented at once, and the subject read across giving the
position of the gaps; the target positions were then changed
mechanically, and the procedure was repeated until eight judg-
ments were made for each of the five ring sizes, or a total of
40 judgments. The mesopic data are the liminal values, in min-
utes of arc, of the targets that could be resolved.

This type of test is similar to those used in the Army Night
Seeing Tester, which the author would like to have included in
the battery, since it measures acuity at the same level as the
highest by this test, 6.7 log uuL.. While the Army test uses two
types of targets, a line resolution, and a brightness discrimina-
tion task (Uhlaner & Zeidner, 1961), two light levels were used
here. The outcome is probably the same—that is, different de-
grees of rod-cone interaction or different retinal areas are re-
quired for success on the two different tasks, or at the two dif-
ferent light levels.

The testing procedure for the 100 men was as follows. After
the photopic screening, the subject adapted for 5 min to the
higher mesopic level. The first mesopic test was given, which
consumed an additional 5 min; the illumination level was then
reduced, and the adaptation and testing procedure repeated. The
subject was then dark-adapted for 10 min and the night vision
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test was given. The whole testing procedure totalled 45 min/
man, e

Before presenting the data, two points should be mentioned.
First, the men were all young, averaging 21 years of age, and
there is no correlation between age and any of the visual func-
tions measured for this group. There is, of course, a negative
correlation between age and night vision if a sufficiently wide
sample of ages is included. Generally speaking, however, this
loss does not manifest itself until about 30 years of age, nor
become sizeable until 50, and it is thus not likely to be a selec-
tion problem for the Armed Forces (Crawford, 1949; Luria,
1960; Ruddock, 1965).3
Second, the data for those men who passed the original acuity
' screening were at first analyzed separately from those of the
rechecks. However, the resuits showed very small differences
between the two groups on each test, the size of the difference
being what one would predict from the light loss due to the ab-
sorption by spectacles. Therefore, all subjects have been treated
together for this presentation since the interest was in the prac-
tical aspect of the men's visual ability. If they needed glasses
they used them, and their vision through the glasses is the im-
portant datum.

* ’
l!r ’
r

10| ’

o9} (- 'Il

/
o8} ‘

8
-

\N
S

Visual Acuty
\\

ok

. l
Brightness Log pul

FIG. 1.

3. O. W. Richards. Personal communication, 1965.
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Figure 1 shows the luminance levels used in the mesopic
testing on the typical graph of acuity versus illumination (Morris
& Dimmick, 1950). The levels were chosen to lie on either side
of the photopic and scotopic functions; thus, the higher mesopic
level would presumably be more related to cone functioning, and
the lower mesopic level to rod functioning. The average data
for the group fell almost exactly on the appropriate lines and thus
could be predicted from the published linear scotopic or photopic
acuity functions.
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Fig. 2 shows the frequency distribution of the 100 men at
.005 ft-L in terms of the liminal value in minutes visual angle.
The values increase from right to left, so that best vision is
always to the right in this and the following figures. Despite
the fact that the men all had good photopic acuity, 20/20 or bet-
ter, the mesopic data form the fairly normal distribution—with
some skewness on the low side—that is typical of visual functions.
The data cover a sizeable range, a variation of 2 to 8 min of
visual angle (or in Snellen fractions, from 20/40 to 20/160).

Fig. 3 shows the frequency distribution for the acuities at the
lower mesopic level. The distribution is similar, but it has a
hint of bimodality as would be expected from a second indepen-
dent variable, and the individual variation is also extreme—from
5.5 min to 21 min.

The distribution of scores on the night vision test is shown
in Fig. 4 and is very typical of previous results with the test.
The range extends from 40 to 95 out of a possible 120. ‘
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Fig. 5 summarizes the correlation coefficients determined
for the various tests. The only sizeable correlation, .75, is be-
tween the two mesopic tests. Significant, small correlations
are also found between the photopic and mesopic tests and be-
tween the low mesopic and scotopic test. This sample of data,
thus, is in complete agreement with previous work of numerous
investigators; the almost universal finding has been that there
is essentially no correlation between photopic and scotopic
vision, and that the correlation increases in size as the light
levels used in testing are brought closer together (Ogilvie,
Ryan, Cowan, & Querengesser, 1955; Pirenne, Marriott, & O'Do-
herty, 1957; Uhlaner, Gordon, Woods, & Zeidner, 1953).
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In order to try to answer, with the aid of these data, some
very practical questions concerning the selection of men, the 20
best men and the 20 poorest men on each test were selected to
compare and contrast.
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The first question concerns the meaning of the size of indi-
vidual differences found on the various tests. Fig. 6 shows a
portion of the acuity-illumination functions with the data for the
best and the worst 20 per cent of the men for the low and the
high mesopic acuity tests. It is obvious that the best men at the
low light level have the same acuity as the worst men at the
higher light level —=7/10 of a log unit above. At the high mesopic
level, the normal or average man would need 7 log uuL to see
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what the best man sees at 6.7, or, in other words, twice as much
light. At the low mesopic level, the differences are even more
extreme—the average man could see at 5 log uuL. what the poorest
man sees at 6 log yuLL.—a ten-fold difference in illumination. The
range and levels are such that one could predict that the best

man could see with starlight the same detail as the poorest man
with light from a half-moon.

Similar examples of the meaning of individual differences in
night vision sensitivity have been calculated previously—to cite
just one: a 100-candle power beacon could be seen by the least
sensitive man at approximately 12 miles, and by the most sensi-
tive man at 18 miles (Kinney, Sweeney, & Ryan, 1960b). This
example does take into account the greater attenuation of the
distant light by the atmosphere for the most sensitive man. Thus,
one is dealing with sizeable and very important differences in
visual ability.

MESOPIC .005 ft.-L.

NIGHT VISION

The second question concerns the use of mesopic testing,
which requires little adaptation time, if one wishes to select
men for ability at lower levels. In this regard the results of
how the best and poorest men on the mesopic tests perform on
tests at lower levels are shown. Fig. 7 uses the high mesopic
test as the selection device. The solid areas show where the best
20 per cent, as thus selected, appear in the distributions at the
low mesopic level and on the night vision test. At the low me-
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sopic level, the results are quite good, although there has been
some shift in position. Sixty-five per cent of the selected men
are still in the top 20 per cent of the low mesopic test. On the
night vision test, while the average score of these selected men
is above the overall average for the 100 men, a few of the men
do quite poorly.

MESOPIC .005 ft.-L

MESOPIC .0009 ft-L.

AN

FIG. 8.

A similar analysis is shown in Fig. 8 for the poorest 20 per
cent of the men, as selected by the high mesopic test. Some
shift in position has occurred on the low mesopic test—60 per
cent of the men, selected as poorest on both tests, are the same.
On the other hand, the scores of these men on the night vision
test cover the entire range of values found in the total population.

The picture is slightly improved for selection by the low-level
mesopic test, as indicated in Fig. 9, but the range of scores on
the night vision test is still very large. It is obvious that many
men with excellent scotopic sensitivity would be excluded on the
basis of this mesopic test, while some men would be selected
whose low-level sensitivity is rather poor. Thirty-five per cent
of the men who appear in the best group at the low-level mesopic
test also appear in the best group on the night vision test.

An interesting parallel can be drawn between these results,
all of which were obtained in a laboratory-testing situation, and
the field validation studies done on the Army Night Seeing Tester
(Uhlaner & Zeidner, 1961). In the latter investigations, selection
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FIG. 9.

of two groups, the best and poorest men, was made using the
Tester at the high mesopic level. The performance of these
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