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"I see nobody on the road" said Alice.

"I only wish I had such eyes," the King remarked in a
fretful tone. "To be able to see Nobody! And at that
distance too! why, it's as much as I“can do to see

real people, by this light!"

Alice Through The Looking Gléss..
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ABSTRACT

Optical systems of large aperture which allow qbservers to view wifh both
eyes a magnified image of a small object are now known as Biocular Magnifiers.
For high magnification lenses of numerical épertures apprbaching unity are re-
' quired and the controi of aberrations becomes.difficult. As .the nbrmal
visual apparatus has adjustmenfs for accommodation and vergence together

with the fusion compuléion‘it may be able to accept larger aberrations in a
magnifier than a photbgraphic plate, say, can tolerate aberrations in a
camera. lens. Unfortunately, much more is known about visual thresholds than

visual tolerances and no design specifications are available.

As a start in the formulation of these, this study tests the overall
acéepfability of some typical biocular magnifier designs in terms of visual
performance, physiologigal‘;hanggs:and subjective assessments. Véry little
previdus wérk’éxists Bﬁt’consideiafion ié_given to relevant papers on the
measurement of visual‘acuity, visual pérception and visual performance.
With non-normal conditions as introduced b; magnifier'aberrations reporfed
work concerns only visual fatigue and adaptation phenomena which are also

reviewed.

A system was built to present to\subjects a visual task which simulates

that of driving a vehicle. Monitors of visual performance and muscular
balance were constructed while an experimenfai method wés déaigned which
allows theé analysis of performanée while eliminating major sources of bias.
Experiments ha#e been carried out to measure visual performance under
relatively gross differences in aberration level. 1In parﬁcular‘aberrations
which:change the effective accommodation-convergence requirements have been
studied and performance variations with the muscular balance of Subjects

have been found.

Arising‘from this,’the‘magnitude of the work needed to specify acéeptable
aberrations for biocular magnifiers can be assessed. - Major areas of study
are suggested with an appeal for commonality of methods so that future

résults may be comparable.
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CHAPTER 1

i

GENERAL DESCRIPTION & PURPOSE OF STUDY

Introductionv

This study‘conderns the design of lenses intended for visual
use, That is,‘someone is going to look through them. The
best designs are‘those which suit the user and through which
he caﬁ perform his task mbSt efficiently. As the visual
apparatus of the normal subject is capable of adjustments
such as accqmmodation aqd vergence and has a cémpﬁlsidn to
fusion.it may bé ablerto acéept la;gér abetrations in theée
lenses than a photographic plate, séy, ﬁan tolerate aberra-

.
tions in‘a camera lens. Uhfqrtunately,_what the normal visual
system can tolerate and possibly adapt to is nét well known
and the design of obticai systems for visual use is often restricted
by somewhat arbitrary ideas of what level of optical correction

constitutes a satisfactory design.

Optical Design normally proceeds by balancing various aberrations

to obtain the required level of resdlution (Rogers 1969),

For lenses accepting larger cones of light (lower f/no.) or
wider fields of view the reduction of the residual aberration
becomes moré difficult., Thus a level of optical correction
which is more critical than necessary will 1limit the aperture

and field of resultant designs.

' These factors, in themselves, constitute "aberrations" of a

sort. If, for example, the field of view of a surveillance
device is resfricted, the observer will have to scan it more

over the area he wishes to see. This will reduce his



effectiveness just as much as if the system suffered from
astigmatism or distortion. Again, if the aperture of this
system is reduced to the point where only one ge can be used
by the observer and then only when it is located within a
very small area, his performance may be impaired, particularly

if the intended uSe,is on a moving vehicle.

The effect of restricted head movement is related to the comfort
of the obser&er. A similar connotation is associated with the
words ‘eye relief' as the distance from optical equipment

to the necessary location of the eye. Fpllowing the same path,
the words 'visual comfort' have beén coined by the writer és ”
an overall design aim of visual‘systems‘and 'visual discomfort'
then embraces not only the aberratidns of the‘system (as felated
to binocular vision) but also thé aperture and field of view

effects.

The purpose of this study is to quantify as far as possible what
constitutes a satisfactory level of_optical correction for visual
comfort. In this work the disciplines of optical design and
ophthalmic optics are brought together while.the main experimental
work involves human factors as well as physiological optics with

a bias toward the former. The fesults are apalysed on a
statistical basis. The work is therefore very much of a bridging
nature and it is at times necéssary to recap basic principles

in the disciplines concerned.




Detailed information for particular optical designs is usually

proprietary to the company concerned. In this study, various

.- designs proprietary to Pilkington P.E. Limited, St. Asaph,

North Wales have been investigated, For this reason the outline
drawings used do not include details of curvature, thickneés,

glass types, etc.




1.2

Biocular Systems

Most optical display systems impose some constraints on
the.gbserver.‘ Some require him to accommodate to a
particular extent. A microscope or focimeter, for
éxample, expéct him to close or ignore the iﬁformation'
arri§ing at one eye, unless they have a binocﬁlar
attatchment. As most people have a dominant eye this

is geherally acceptable but.in the use of night vison
devicés the monocular arrangement results in a further
effect. -The‘bJ;;;::;:E of the bbject seeb with the used
eye is éommonl§ 10 ft.lamberts over a 50° to 70° field

of viéew. In normal usage the;other eye is in ambient

illumination which is less than lo_zft.lambertsvor else

the device has no purpose. This unbalanced illumination

results in unbalanced adaptation. A proportion of
military personnel have reported feelings of néusea under

this condition.

'In one system designed to overcome this effect, two

eyepieces weré;rovidedvbut the optical constraints limited

the eye ring'and eye relief values so that the observer
had to put his eyes very close to the equipment. When in

use in military vehicles, facial injuries from black eyes

to broken noses were incurred. The biocular system is an

attemptifo overcome both these problems, by ‘allowing fwo—

eye viewing with large eye relief. Although large magnifiers

- for use by one or two eyes have been used for many years

and the Head—up.Display (Freeman 1969a/1969b)'used.in air-

craft has been extant .since the 1940's, high—magnificafion



bioculars were first designed and built in the U.S.A. and

U.K. during 1971.

However, these lensgs were designed without any great
understanding of the visual aspects of their aberrations.
The correction levelé arrived at were 1érgely determined
by what was technically feasible although the flnal

balance was, in the case of .the P.P-E Bimag 1ens, determlned

by ideas propounded by the writer (Rogers 1972) A
descrlptlon of the general parameters of this 1gns'is

provided ‘in Figs. 1 & 2.

in May 1972:ét the ihstigatibn.of the writ;f, a.tWO—day
meetlng on this subJect waé ;ponsored by the Optlcal
Society of Amerlca and the V1s1on Commlttee ‘of the Nat10na1
Academy_of $c1ences. This was entltled.'The De51gn“of
Bioculag'Systems‘ and iﬁ the.pubiicity Prof.Robert éhénnon
of the University of Arizona stated that "Biocula; Systems
aie those in which both eyes use different areas of thg

same optical system, from entrance pupil to exit pupil

with no intervening discontinuity."

Some difference of opinion was voiced at the meetidg and

the writer published (Freeman 1973) .a more detailed_

definition in Optics and Laser Technology which isin

general agreement with Prof.Shannon.




FIG 1

DESCRIPTION OF PPE LTD., BIOCULAR

PPE Bimag biocular magnlfler

P.N. 4644

x 5 50° biocular magnifier for 40 mm tubes

The PPE Bimag. Biocular
Viewer was designed to meet
the requirement for a times five
magnifier with a large eye-relief
and pupil to enable operators
to view a display tube of about
40 mm diameter with both
eyes. The advantages of the
system are that the eyes are
not strained by picture
differences and the user can
move his head over reasonable
distances without losing the

display or hitting his face on
projections.

The design incorporates PPE
experience in the study of the

parameters involved in vision.

ergonomics and the develop-
ment of computer programmes
enabling the lens designer to
design the lens for two eye
pupils.

The magmf‘er offers major
space and power savings as it
allows systems’ designers. to

replace 200 mm display tubes

by 40 mm tubes. Because of the
critical optical design it s
necessary to modify the mag-
nifier slightly to accommodate
the range of windows on TV,

-CRT, -image: intensifier and

convertor tubes, film, LED and
other data display tubes and
panels.

Custom designed combined
displays, formats,  magnifi-
cations and other parameter
variations can be manufactured
to specific requirements.




FIG 2  RARAMETERS OF PPE LTD., BIOCULAR

13

Specification

Magnification:
Field Size:
Field Angle:
Eye Relief:

Dioptre Setting:

Back Focus:

Field Curvature:
Supravergence:
Blur:
Distortion:

Spectral Bandwidth:

x5
40 mm diameter
50°

Up to 120 mm for full horizontal
field of view

25D

4 mm typical, available for CRT
faceplates up to 10 mm

1.6 D
5 mRads

. 1 mRad

12%
1000 A above 5000 A
500 A below 5000 A

The above values are typical of a Bimag system; designs for a particular
installation may have a different balance of parameters.




The use of a large lens system in front of both eyes

means that the conditions for good binocular vision must

be satisfied with a lens aperture of at least éOmm. In

the night vision case described earlier tﬁe object
comprises the phosphor of an image intensifier tube. These
have a range of sizes, but a common value is 40mm

diameter. To make the night vision device useful a field
of view of 50° minimum is required. As will be discussed
in more detail in Chapter 2 these values specify a lens
aperture of £/0.5. At this aperture it is very difficult
to meet the normal conditions for good‘binocular vision
over 500 field of view. Hence we need to know the minimum
conditions for good binocular vision. Even if the field
and aperture values were relaxed so that the design was
easier, it is still importaht to know the minimum quality
required so that simpler, lighter or cheaper equipment

may be designed.

In normal lens design work the effect of lens shapes

on aberrations such as Spherical Aberration, Coma,
Astigmatism, Curvature of field, Distortion, Chromatic -
Aberration and Higher-order Aberrations has been understood
for many years and,in particular, the way in which these
interact so that good resolution may be obtained at all
points in the field of view. Even thoughbthe values of
each aberration are far from small they may be balanced

against each other to obtain good imagery.




When a magnifier is used visually, a completely different
aberration scheme must be formulated to express the effect
of lens shapes on the visual apparatus of the observer.
This human photo-detector is at once more demanding and
more accommodating than photographic plates or television
camera tubes. Because the two pupils of the observer's
eyes are much smaller than the magnifier the maghitude

of the optical aberrations over these pupils will, in
general, be very small. However, the location of these
pupils places them very close to the edge of the lens so
that the relative values of the optical aberrations in
these places become important to fhe quality of binocular

vision.

If the location of the image seen via the magnifier is not
at a constant distaﬁce the eyes can accommodate to bring
various parts into sharp focus. However, the eyes do not
accommodate independently and may not accommodate accurately

if some of the usual stimuli are absent or abnormal.

If the accommodation action brings other images into focus
these may prove distracting. The eyes may also tire of
studying an aberrated image or conversely they may learn
how to deal with it so that any ﬁeasuré'of théir performance

shows an improvement with use.

The study of optical aberrations has a continuous history
reaching from the present day back to men like Seidel (1855)
and Newton (1666) if not to earlier scientists. If this

is the time scale for the study of aberrations associated

'
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with inanimate photo-detectors,one cannot expect a
quick understanding to be obtained for visual aberrations
which are associated with human photodetectors having an

interactive capacity.

The lack of previous work directed towards two-eyed viewing
through magnifiers is indicated by a complete absence of
any reference to this subject at the ICO Conference on

Vision through Optical Instruments (Munich,1971) and even

at the Topical meeting on Biocular Magnifiers (Annapolis

1972) mentioned earlier most participants, including the

writer, were asking questions rather than reporting successful

studies.

In determining the scope of this study it was recognised that
general work was required before pafticular'matters could

be determined. The general areas where an understanding is
sought may be grouped into three comprisinglfirstly optical
design to determine what sort of visual aberrations are
produced by the usual bundles of positive and negative lenses

roughly corrected for gross defects, secondly the relation-

.ship between visual performance and response of the visual

apparatus to visual aberrations and thirdly the effect of
time in terms of whether the visual performance got better

or worse and what factors were influencing this.

This constitutes a considerable volume of knowledge which
must be investigated before and during the design of any
experimental study. Chaptérs 2, 3 and 4 report the results

of the writer's efforts invthese directions.
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Scope of Experimental Study

In looking for general guidelines as to what level of
correction is Visua;ly acceptable to observers the obvious
experimental course is to present subjects with magnifiers
of various levels of correction and assess their reactionms,
over a suitable period of time, These can be assessed cn
criteria related to their general condition - Fatigue,
their ocular éhysiology - Impairment, and their task
performance - Work Output. Each of these can be measured

in more than one way.

Numerous visual tasks are possible which tax subjects in
varying degrees., As the brime purpose is directed towards
effects due to the magnifier rather than the task it is
better that the task be rather straightforward although
there is no certaintyyfhat difficulty of task aﬁd reaction

to magnifier are completely independent.

The design criteria of magnifiers include the aperture

and field and also their residual aberrations in terms of

resolution, accommodation setting and variation, astigmat-

ism, distortion, dynamic distortion etc. up to 10 distinct

variables in all.

Inseperable from the task and magnifier is the apparent
resolution, brightness and contrast of the viewed scene.
Again this should be chosen to be as typical as possible

so that effects due to the magnifier criteria may be examined.

In one respect this may not be followed. The resolution of
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electronic displays is normally somewhat poorer than the
visual acuity bf the user, while that of 16mm film stock
is no better when viewed at 50° field of view. A limiting
resolution of approximately 1mR is common and this is

equivalent to about 6/18 vision.

With indqstrial magnifiers used with real objects this is
not the case unléss the aberrations of the lens so restrict
it. In this study the overriding interest is in the
magnificatioﬁ of eleétronic displays and fhe reduced visual

acuity situation is discussed in more detail in Chapter 3.

The large number of vériables in magnifier design makes it
viftually i@possible fo examine each over a significant
range of values, particularly when the inferactions between
variables may be significant.  Each value would have i

be designed inté a specific magnifier which would then
have to be constructed ready for use. To eliminate the
other vériables (aberrations) would require careful

designs of four or five elements.

As a first step it was decided to run a general experiment
using four widely different magnifiefs fo see if any gross.
interactions could be.found; Following this, more narrow
ranges of magnifiers could be examined, for the sbecific

variables which seemed the more important.

The visual task chosen was based on forward motion bringing
objects closer for recognition. This is related to the

driving task for which a significant number of magnifier




designs are inteﬁded. This process was recorded on film
so that each subject could be tested under consistent
conditioﬁs. The 'recognition' criterion is seen’to relieve
the ;mportaﬁce of subject motivation and vigilance to some
extent but imposes tighter requirements on the resolution.

characteristics of each system as detailed in Chapter 5.

Of the three parameters related to subject reaction, fatigue
was éssessed by subjective assessment (using a modified
comfort ;ist), impairment by changes in heterophoria, work
output by recognition timé or size of objects. None of
these can be sfated to be obviously superior to any other
approach. The reasons behind their choice are dealt with

in the next three chapters. ”

Almost intuitively it has been felt that a large number

of subjects would be required for more than just a few
minutes each. As few of these would have a direct interest
in the work or in optics or vision it seemed important

that the visual task would be foﬁnd to be interesting by
most subjects,;in the same way as the automatic games to
be found in amusement‘arcades. This attempt to obtain
stable motivation of each subject over his total time of
testing (about 13 hours) has been successful in that very'
few subjects have admitted to any boredom during their

tests.

Over fifty subjects have been used in this study and none
has quit before the end of the tests. Headaches and nausea

have been reported by some while all have applied themselves
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to the task with good humour. The state of vision of each

subject used had been previously checked on a 'MAVIS'

" vison. screener and reached a given standard (chapter 5).

Thus forced-choice decisions have been made on three

pieces of 'hardware':- Task, Magnifiers & Subjects, and
also on three pieces of 'software':- Subjective Comfort,
Muscular Balance, Moment of recognition. An assessment

of their value in relation to future work is given in

Chapter 7.
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CHAPTER 2

OPTICAL DESIGN & VISUAL ABERRATIONS

2.1 Introduction

Before the digital computer was applied to Optical Design the
major problem facing the lens designer was often the sheer

labour involved in calculating the path of a ray through

his proposed system. General equations of the imagery of optical
systems do not allow a unique design solution for a given image
quality, and so the design must proceed by calculating the
performance of a_basic desigﬁ and then the change in this for
detail changes within'the design. If an improveﬁéﬁt was found,
further changes in the same direction may be made. The third-order
Seidei aberrations could be calculated for each surface and the
sum of these over the complete design would indicate the

approximate image quality.

In most lenses thevthird-orAerzpproximation would be insufficient

aﬁd a trigonometrical ray-trace‘of selected rays would 5e required.
These had to be chosen with care so that the maximum information
could be obtained from them in return for the work of the caiculation.
In this work the experienced lens designer developed an insight

intq the ways of lensbtypes,.power balances and element bending,

which often went beyond the strictly mathematical calculations.

When called upon to design lenses for visual use,.it was natural

for the designer to convert the lens fequirements into the optical
aberrations with which he was so familiar, and to calculate the

design towards these target values.
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In the case of eyepieces where the total optical system
generates an eye-ring or Raﬁsden circle very little larger

than the pupil of the eye, the conversion of the requirements

in this way is relatively straightforward. The location

-of the eye is virtually fixed not only laterally but also along
the a#is. The image aberration across the eye-ring is directly
transferred to the eye, and the degree of visual acuity may be
calculated, although recent studies have shown that the
abefratibns of the eye may sometimes react favourably with those

of the device (Overington, 1973b).

Where two eyes are used the requiréménts for binocular

vision are.related mainly to the mechanical design of such
instfuménts as binoculars and binocular ﬁicroscoﬁes. It is
not very expensive to over désign, and so the tolerances on
parallelism of binocular axes are generally set well inside

visual requirements, and little effort has been made to

find what reduction in parallelism can be tolerated.

When optical sysfems are used as magnifiers there is ho eye-ring
effect to locate the eye, and so the designs must be cqrrected

for the larger are; over which the eye may wander duriﬁg use.

The éxtension of this to biocular magnifiers means that further
visual requirements must be met. The most obvious of these is

that the lens must be large enough to accept the larger inter-
pupilliary distances. This leads firstly to some simple calculations

regarding magnification and aperture.

If the minimum aperture for binocular viewing is assumed to be

"
75mm then the wisual equation for magnification can be extended:-
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magnification = 220mm _ 3.3 .
& e.f.1. (mm) F/no sesescsssen
because F/no is given by e.f.1. = e.f.l.(mm)
Aperture ~ 75

Thus for a magnification of x2.5 an F/1.3 is required. For a
magnification of x6.5 an F/0.5 lens is needed. This is equivalent
to a numerical aperture of unity which is the maximum possible in

air.

A further approximate calculation links the format size of the
object viewed and the F/no with the field of view obtained:-

format (mm) x57 _ format (mm) x57
e.f.1. (mm) . T 75mm x F/no.

Field of view (degrees) = cese 2
where one radian is assumed to equal 57 degrees. Thus, for a given

format there is a maximum field of view which can be obtained as the

F/No.'approaches F/0.5.

However, with magnifiefs the image need not be at infinity which
is tacitly assumed by the simple expressions above. If the image
location is expressed in terms of the divergence of the light
leaving the magnifiers (for which the eyes must converge and
accommodate to see clearly) this can be measured in dioptres and
is usually called the Dioptric Setting of the magnifier, beiﬁg

generally negative.

This dioptric setting affects the apparent magnification which is

also influenced by the eye relief distance. If the eye relief ‘is
rmm and the setting S Dioptres the required equivalent focal

length for the magnifier for a given apparent magnification is:-

1000 + 1§

e.f.1. A 7S

o-oo.c-.oo.-..aooo‘oo-u--oob-.-coo-co--3

where A is apparent magnification.



FIG.3. BIOCULAR MAGNIFIER ANALYSIS
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Equivalent Focal Length
(mm)
/
150 ¢ <2
x2
x2,5
x2.5 ,
x2.5
100 , 3 )
x3
x3 o . ‘
E/
—-’-{j’// .
x4 : »
\ x5 V/
50 1 x5 '
. X6 x6
o T
Setting
(Dioptres)
0L T =) =5 1 =3 T =3 =3
100mm eye relief 50mm eye relief 25mm eye relief

Relations between e.f.l., apparent magnification, dioptric setting,
and eye relief.



The graphs of Fig.3 are obtained if this is plotted for the range
of settings, eye reliefs and apparent magnifications as shown.
It is seen that the dioptric setting has a different action at the

higher magnifications depending on the chosen eye relief distance.

Anderson & Moyers (1973) published the expression:-

_ 250mm _S (f - -B)
P"‘f (1+d) l 1000 000000000000000014

where P = power (apparent magnification)

f = effective focal length

d = distortion

S = Dioptric Setting (D in original)
= eye relief (R in original)

nodal plane lecatien sqmv&hbn'

B~

-

Expression 4 reduces to expression 3 if d and Aare set to zero.
If distortion is non-zero then the lens system does not have a
single power while the nodal plane location depends on the design

of the magnifier components.

Rogers (1972) assumed a dioptric settinngf -2 and an eye relief
of 50mm in calculations for Figure 4, which shows how the F/No.
and objeét size define the field of view. For magnificatidns
above x3.3 the lenses will be faster than f/1 which may be taken

as & boundary between low and high magnification systems.

Low-powered magnifiers serve to show the relationship between
optical design and visual requirements. High-powered systems

requiring apertures close to the physical limit result in designs

where high angles of incidence occur at lens surfaces and high order

aberrations become major contributors to the performance.

25



26
FIG.4. BIOCULAR MAGNIFIER ANALYSIS
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Low-powered Biocular Magnifiers

Lens design as a technical activity is very close to the

profitability of commercial optical companies, and so designers

rarely place explanatory papers in the scientific journals. Also,

magnifiers have generally been considered far less important than

objectives, so the resulting number of references dealing with

their design becomes very small indeed.

R. E. Hopkins (1946) in a very clear paper on the use of aspheric

surfaces listed, at times arbitrarily, the optical requirements of

a magnifier as follows:~

1" (1)

(2)

(3

(4)

(5)

(6)

The field should be large. An apparent field of

60° is ideal for most applications.

The design should be such that thé.eye can be
located at a comfortable distance from the magnifier
when viewing the full field.

The lens should be well corrected for spherical
aberration over as large a pupil as possible. It

is not sufficient to correct a magnifier over a

7 or 8mm pupii as is QOne in an eyepiece of a
telescope or microscope.

For a similar.reason the coma should be well corrected.
It is difficult to correct a magnifier for curQature-
of field. Therefore, this usually sets the limit to
the practical field of view. For short focal length
magnifiers the curvature of field becomes very
serious and a 60° field may become impossible to
attain.

Astigmatism should be eliminated if possible. 1In

high power (sic) magnifiers it is customary to
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flatten the field artificially by introducing
astigmatism, However, we prefer a large amount of
field curvature (4 to 8 dioptres) in preference to
introducing as much as 2 dioptres of astigmatism.

7 The most noticeable monochromatic defect in a
magnifier is distortion. In order to avoid criticism
of the design, the distortion must be reduced below
1% even at the cost of compromising other aberrations.

(8) Axial transverse colour and oblique transverse colour
must also be well corrected. Two or three minutes
of difference in angular positim between an object
seen in D light and F light ié objectioﬁable. The
axial colour‘must again be correctgg over as large
a pupil as pbssible or there will be a critical

position of viewing required to avoid colour fringes."

It is thus seen that the designer relates the visual
requirements eﬁtirely to the Seidel aberrations. 1In the
following paragraphs the limitations in terms of calculating
effort show up with comments such as :-
"Since the distortion is negative but well-
distributed between the two surfaces, the oblique
distortion should ﬁot be very different from the
_ third-order."
The author goes on to describe the performance of one of the
designs as follows:-
"Coma and spherical aberration merely affect the apparent
position of the field of view as the observer moves around
the eye pupil. A movement of lcm from the optical axis

causes the image to move angularly 1.9°'. ‘This amount of
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movement is not objectionable if the magnifier is used
monocularly. However, observers try to use it‘binocularly
on éccount of its large diameter. If the observer has an
inter-pupilary distance of 64mm and the lens is adjusted
»to collimate the paraxial rays, there will be at least 2°
divergence between the lines of sight for the two eyes.

The present magnifier thus cannot be used binocularly."

The author then goes on to discuss fur ther improved designs
without returning to the subject of binocular viewing. It is
difficult to understand why the effect of defocussing the lens
so that the binocular divergence shifted to convérgence is not
considered. The effects bf astigmatism and curvature are
related to the difference between the plane’through the
paraxial focus and the location of the image surface if the
lens were used as an objective. These differences are then
converted into dioptres ‘''change of‘focus":-

0.5D Curvature
'1.08D and 2.36D for Astigmatism.

That fhese are beyond the far point of the eye is not
discussed. Eésentiaily it comes down to an inability to-
calculate except with respect to the paraxial condition.

In spite of thi; Hopkins has three major aberrations high-
lighted. The éurvature of field, astigmatism, and distortion.
The choice between low curvature or low astigmatism is also

a feature of high-power magnifiers.

An interesting exchange of papers occurred in Nature during

1949 when Coulman & Petrie (1949) noted the increasing interest

in low-power lenses for industrial inspection purposes adding:-
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"Nevertheless, to the best of our knowledge, no serious
attempt has hitherto been made to correct these lenses
for binocular vision, and as a result of extensive
experiments in this connection it is now clear that a
ma jor contribution to the comfort of the use of such
lenses over prolonged periods can be made by designing

primarily for binocular viewing."

In reply to this Jeffree (1949) pointed out that the approach

proposed by Coulman & Petrie amounted to the correction of
coma for a stop at the position of the eyes. If.freedom of
eye movement were required the correction of spherical
aberration would be necessary which would then bring about
the coincidence of the monocular fields with the binocular |

field.

The whole correspondence is about single lenses, and Jeffree
admits that if both spherical aberration and coma are
corrected then neither a flat field nor absence of
distortion can be obtainéd. Thus, a compromise is required
in which none of these foﬁr aberrations are zero. However,
the designs discussed relate to magnifications of about x2,

and a field of view of less than 200.

The need to relate the monocular and biocular fields was

examined by the writer (Freeman, 1972) in his paper to the

Biocular Magnifiers Meeting, Annapolis, 1972 from which Fig.5

is taken. This has also been investigated by Fry (1972,1969).

Fry points out that when examining stereo pairs the eyes are

working at non-normal accommodation-convergence values and yet

3
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good stereoscopic acuity is obtained. With biocular magnifiers
applied to 2~dimensional image surfaces some measure of the
stereoscopic tolerance is réquired. With industrial magnifiers
used binocularly some measure of the accuracy of the stereoscopic
acuity is needed. With lenses of high numerical aperture the
spherical aberration becomes extremely difficult to correct

even with the use of aspheric surfaces. It is therefore of

prime importance that the minimum amount of correction is used.

Thus the accommodation-convergence relationship and its variation

from user to user becomes important.

The most gomprehensive mathematical analysié of these aberrations
to date is Sands(1971) who related Seidel -third~order and
fifth-order aberrations to visual aberrations using Hamiltonian
Optics. .His analysis is restricted to single eye viewing from
an off-axis position, without relating this to binocular vision.
Algeneral'resume of his results is contained in the equation
given in Fig.6 which relates the major aberrations in the
pointing directions of the eyes. The termsCY,CZJCY} etc., relate
to the five Seidel co-efficients. Astigmatism and field curvature
combine to image staight lines as curved lines, the curve
direction depending on which side of the lens axis the eye is
placed. 1If each eye were placed as is usual either side of the
axis of a lens having this aberration, vertical lines on the
object appear curved in different directions. For fusion, therefore,
the convergence required of the eyes may be less at the top
and bottom of the picture than in the centre. This gives an
image surface convex to the observer which might be corrected

by pin cushion distortion in the object. The spherical aberration
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gives a new convergence when viewed binocularly but coma and
distortion have no extra effect unless the eyes are assymmet-

rically located.

A visual aberration scheme drawing these ideas together has been

suggested by the writer (Freeman 1972). Fig.7 shows that pupil

aberrations generated across the pupils of each eye blur the image
which is seen at an accommodative distance at which this blur
is a minigum. This distance will vary with field angle and

also with eye position.

The pointing directions now combine to give a perceived image
distance for each object point which will contain the anamor phic
and mobile aberrations of Sands. These will also ;ary with
field éngle and eye position. The latter.also means that the

observer's interpupfiﬂiary distance will inf18nce this.

Finally, the eye-brain system may override the visual aberrations
where there are confliding cues and apply expérience to the

scene in ofder to obtain a consistent image. The distortion

of the magnifier (and of any electronic image) will have an

" influence but will not shift with eye position. Mobile‘
distortions on the dher hand will, if pronounced; make the

retention of a consistent image more difficult.

In all these areas, the tolerances of the visual system are
largely unknown although studies in pupil aberrations can be
related to refractive defects and the corresponding reduction

in visual acuity may be estimated. The immediate area of

uncertainty therefore lies with the binocular aberrations, in
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particular the accommodation~convergence requirements‘but

also how these work out when field curvature and astigmatism
are present. These aberrations, together with a fourth. arising
from the high-powered biocular magnifier case form a reduced
area of work which even then is considerably larger than that

of a single study.
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High-Powered Biocular Magnifiers

Using the F/1 criterion as the divisor between high and‘low—power
magnifiers it appears that the earliest high-power biocular magnifier

was reported as recently as 1970 (Seaman, 1971 - as this is in the

form of a United States Patent Specification there is an examination
delay before publication). This was followed by the design with

which the writer is associated, (Rogers, 1972) and this closely by

a design from Baird-Atomic Inc. (Brennan 1972) which was not published

until a year later (Anderson 1973)., Earlier in that year (Walker 1973)

a design from the Kollmorgén Corporation was described with a review
of the visual problems to be overcome. No other designs have been

found in the usual literature.

Fig.8 gives some indication of the optical components of these four
designs together with as full a specification as can be gleaned from
the papers. The Seaman design makes no real attempt to correct field
curvature as a curved object (fibre-optic face-plate) is used.
Spherical Aberration and Astigmatism are largely controlled by

dividing the power over five positive components.

The Walker Qesign tackles the problem of incorporating a 90°>bend in
the system as many applications require this. A field-flattening lens
is used near to the object but the paper gives considerable prominence
to the correction of parallax and requests information on how the
relationship between accommodation and convergence may be used to the
best advantage. Without any comment he states that the '"common

field" of magnifier is 50% (150) of the total.

In his description of the Baird-Atomic magnifier Brennan states

that "lenses have been successfully designed
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‘and built, and with an F number as fast as 0.7 and with the total
field visible to the two eyes. It has been found that the common
field does not have to be as large as 100%. Lenses with 70% common field
have proved successful and an overlap as low as 18% to 20% allows

enough fieldfor fusing the images."

This limitation in field visible to both eyes (the binocular overlap)
is a necessary 'aberration' of high~power systems where .the strong
curvatures of the lens elements limit their diameter so that the left
eye looking through this limiting aperture sees more of the right
hand side of the scene whereas the right eye sees more of the left
hand side.

Inlﬁs description of the Baird-Atomic design Andérson balaiy states

a field curvature of 1/8 dioptre. The drawing indicates no field-
flattening lenses and one can only assume that this flat field is

obtained by the introduction of over-correct astigmatism.

The Pilkington P-E Ltd., design of Rogers echoes the comments of

R.E.Hopkins (1946) discussed in section 2.2, that "astigmatism

should be elimated as far as possible and that a large amount of field
curvature (4 to 8 dioptres) is preferable to introducing as much as

2 Dioptres of astigmétism." Ffom his association with this lens the
writer is aware that its astigmatisem is generally as low as 0.2D.rising

to a maximum of 0.8D.
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FIG.9 REPRESENTATIVE ABERRATION CURVES
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Visual Aberration Analysis

From the foregoing the ma jor aberratipns of high-powered biocular
magnifiers which affect binocular vision are:-

Parallax Error

Reduced Binocular Overlap

Astigmatism

Field Curvature.

Distortion as defined by the fifth Seidel term does not directly
influence the binocular vision of the observer. All four of the
aberrations are dependent on head position, particularly when this
is shifted sideways. In the major use of these lenses, that is as

sy

magnifiers used in night-vision systéms, it is found that the required
vertical field is considerably less than the horizontal field. Thus
for the purposes of this study a considerable simplification can be

obtained by concentrating on the aberrations and visual responses in

~ the horizontal plane only. This allows all four aberrations to be

drawn on one graph and their change with sideways head movement to be

indicated by one further graph.

Fig.9, therefore, shows representative aberrations of a binocular
magnifier for two head positions. The locations of the two pupils

are shown on the left while the viewing distance indicates the eye

relief and dioptre setting of the system. The parallax -error is seen

to be complex as the accommodation distances for each eye are equal
only on the axis. At other areas some anisometropia is present. In
the presence of astigmatiém this is not easy to define, but obviously
a difference between the convergence surface and the accommodation
surfaces for the two eyes means that both of them are liable to a
focus error of a magnitude which may be different for each eye. As

is considered more fully in Chapter 3 this sort of error reduces the
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performance of the eye although an uncertainty of accommodation of
about 0.3D has been found in normal viewing. For the presat study
parallax error is taken as the value which apertains at the centre

of the field.

The restricted length of the convergence surface.specifies the reduced
binocular overlépuincurred by the curvatures and diameters within

the lens. Although it might be felt that this is relatively straight-
forward to define,it may be that the increasing parallax aberration
towards the edges of this ovérlap region give a physiological overlap
which is smaller than the mathematical value. Conversely, a binocular
overlap which has its edges ‘'shaded out' by othervaberrations may be
more acceptable than one with sharply defined edges which, being well

within the total field, are distracting to the observer. 'Again for

the present study the simple value obtained by ray tracing will be used.

Astigmatism is shown by the two curves for each eye which locate the
sagittal and tangential images. If 'corrected' this may be zero in
places. Although ifs sign may change, it is still a longitudinal
separation of the vertical and horizontal images (in the horizoatal

plane under consideration) and so a representative figure may be taken as

the modulus. value which includes the error over 80% of the field.

While the curvature of field is immediately apparent from Fig.9

its definition depends to some degree on the extent of the binoéular
field. "If this is extensive then the curvature of field may be
defined most simply by that change of dioptric setting between the
centre and a point at 0.7 of the full field éngle as given by the
convergence surface. If the convergence surface does not extend

that far a value related to the accommodatiion surfaces musf be chosen.

From & physiological point of view the field curvature value should
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reflect the muscular changes required of the obsefve: to search
the field. His subjective assessment of the curvature may be

far from correct as distortion may influence his perspective sense
to give an apparent curvature which is considerably different

from the actual curvature.

Although all four of these aberrations have a value»associated

with them which can be measured in linear terms, the effects of
them on the visual apparatus is inversely proportional to the
viewing distance. Thus, while the graphs éf Fig.9 are scaled in
linear dimensions the visual aberrations are best stated in dioptres
and degrees. When the head is shifted sideways the major change

is with the orientation and location of the convergence surface.

The values for astigmatism become different for each eye while

the curvature remains roughly the same.
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2.5

Visual Aberrations of Particular Magnifiers

In order to obtain graphs such as Fig.9 for particular magnifiers a

computer program was designed which performed optical ray traces

through the lenses and then calculated accommodation and convergence

surféces for given eye poSitions. An interpupilliary distance of

64mm is assumed. Although it is a simple matter to obtain curves

for any head position the following descriptions are restricted to

the 'on-axis' case and in the experimental work a head restraint

was used to obtain the condition.

2.5.1

2.5.2,

Simple Plastics Magnifier (COP)

A simple single-element magnifier of e.f.1. 75 millimetres
was obtained and its optical parameters measured. The
apparent distortion when using this lens had been made very

low and as a consequence very little correction was possible

of the four binocular aberrations described in the previous

section. Fig.l0 shows the accommodation.and convergence surfaces

for an on-axis head position and a dioptre setting of -2.5D
(givenbby a defocﬁssing of approx.l5mm). While considerable
amounts of astigmatism and field curvature are present the
parallax for the sagittal image is good and the binoéular’
overlap extensive. On the basis of the previous section the

aberrations can be quantified as shown in the figure.

High-Powered Magrifier (SLAB)

In order to obtain a 50° field of view from a 40mm format,

Rogers (1972) developed the lens design described in 2.2,

The very high numerical aperture that is necessary means that'
steep curvatures are required which introduce higher order

aberrations and also limit the component size. The obtainable
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binocular overilap is aomewﬁaf.reduCed‘and the control

of astigmatism becomes.difficult. Hoﬁever, the residual level

of astigmatism obtained is generally better than the simple

lens. In defining the curvature of fiéld a problem arises

as the binocular field curyeé_differently from the monocular.
InfOtder’to 1ef’thi§ valﬁé?fefleqt_the muscular changes

required in oédrching the field a value based on the accommodation

surfaces must be used.

From Fig.1l1 it,i; seen’thatbthéiValues for the four binocular
aberrations aré‘approximatélyvasAindicated. As is usual with
lenses the ageaoof’greafesf ér;orgoﬁcurs when the eyes‘are looking
through the periﬁeralvregian_of ull‘fhe»elements. ~This occurs

not at the limito of the total field but at the limits of the

binocular overlap.

It i- not suggested that these descriptions are comprehensive. Obviously,
a more complex analysis'can be undertaken, but-this:dogs not appear

to the writer to be particularly worfhwhile until at least some idea

'is obtained of the likely visual interactions with these aberrations

as broadly described.
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CHAPTER 3

' ABERRATIONS AND VISUAL RESPONSE

3.1 Introduction

When an optical displéy‘System exhibiting“sﬁmc or all of the
aberrations described in the previous chapter is used by a
normal obser%er; hié visual apbaratus is capablevof'a number
of different adjustments, both voluntéry and involuntary, as
- he makes use of the equipment. These efféct the clarity of
',thg images on his retinae énd’the,quaiity of his perception
of the display;d information. Theselétéges.of vision are
obviously cldsely‘rélatedvand'together determine how well
the puxpose isﬁaéhieQed. This 1%ffef'third stage may be
termed visual performance as an_ovéréll deécripfion of the observer's
utilisatiOn of the diéplﬁygd;ihformatioﬁ, and as such'is

related to human factors studies. -

These three aréaé form.a useful ffamework in which to place
a discussion qf previous work asvlittle of this is related
directly to‘qpéicalvdisplays; gﬁd’moét must be taken from its
original confext'and:épeéifically applied to the problem. A
further area, clinical‘experiénée, méy aISO-bevincluded in

this framework.

In recent yeafé thé ﬁeasqre of ‘clarity or acuity has become
more quantified from both objective as well as subjective
vﬁethbds of experiment. 'inf;vregéntfreview of this subject
?ry:(1971),refété.fp the:"oﬁficaiﬁﬁetfofﬁaﬁce of the human

eye," and concerns himselfiin;thé’main with optical transfer




functions of the optics and 'retina. Rose (1948) refers to

sensitivity performance, and Campbell ( 1963(1966) (1967) (1968)
variously to visuél resolution, visibility, visual acuity and
optical quality.' Essentially these expressions relate to the
ability of the Qisual apparatus to recognise simple objects
such as discs, letters, ératingsetc., which is generally called

"visual acuity."

When displays are considered, the value of a given system is
usually measured in terms of the amount of information it
can convey. Although "visual performance'" is used in this

connection, Biberman (1973) gives the title '"'Perception of

Dispiayed Information" to a recent book on this subject. The
word “perceptioﬁ;‘generally conve;é’a brda&er meaning to the
visual senée than "acuity." In their ﬁse as night viéion aids
biocular magnifiérs may become the only visual link between the

user and the outside world. The visual space sense in the

presence of aberrated information is therefore important.

The word "performance" strictly relates to the execution of
a task., In studies of night vision aids, the measurement of
the user's score when executing some visual task with the
system is called "visual performance."” This is particularly
the case with paced tasks where the lack of sfimuli to

ocular adjustment may extend the reSpoﬁSe time to‘information
even when it is well within the acuity of the observer . In
such experiments it is generally found that the training

and experience of the'obsérver have a considerable influénce

on his performance. This is largely because the need for




the observer to look in the object's direction has been

added to the other requirements, Here, the voluntary oculo-
motor facilities of the observer's visual aéparatus are

being employed. When optical systems suéh as magnifiers

are interppsed between the displayed information and the
observer, the aberrations of that system reqpire that the
observer not only'looks in the correct direction, but to

do so witﬁ the right state of accommodation, énd for binocular
vision, with the right convergence and cyclo-rotation to achieve
fﬁsion. A ;onsiderable amount of research work has been done on
vigilance of observers, but this'is not of immediate concern

for this study. Although poorly designed equipment may

affect the user's vigilance, this is of the nature of a
second~order interaction, and as Vigilance varies considerably
from person to person, and indeed from momént to-moment,va

étudy of magnifiers must first consider relatively éimple
situatioﬁs requiring no great mental effort on the part of

subjects.

When considering how the human visual system is likely to
react to aberrations, the experience of ophthalmic practice

should be valuable. This falls roughly into three areas:-

(i) the measurement of the required correction
(ii)  the design and fitting of the‘spectdcle lenses
(iii) the subsequent effect on the vision of the patent.

One large difference stands out. The patient has,.or
believes he has defective vision. ‘in the case of magnifiers
used by military personnel it is most unlikely that the
observer's vision will be significantly different from

emmetropic. A fufthér difference lies in the fact that
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most spectacies are worn continuously While the period of
use of magnifiers may vary from minutes to hours. This
means that more pertinent data may be available from
corrections prescribed»fdr intermittent use such as

reading glasses, or two-power systems such as bi-focals.

Psychologically the provision of spectacles to a patient

with defective vision is important to that person who may
therefore make more effort to accept residual abérrations
than will a potential cusfomer of optical equipment, be it
for a military 6: civil purpoéé. Thus, although clinical
reports may be useful, it is ektremely difficult to draw
more than the‘broadest conclusions from them.

Thus the main areas of concern re;ain visual acuity,‘visual
perception and.visual perférmance. It is necessary to ;eview
each of these aspects of visual response under two headings,

their measurement with displayed information and their

‘interaction with ocular adjustments. Finally, the way in

which visual aberrations interact with ocular adjustments is

considered and general conclusions drawn.
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Visual Response related to Displayed Information

Of all measurements related to how well a subject can see, the
measurement bf visual acuity at the fovea is of primary
importance, For purposes of sight testing the use of the Snellen
chart is widespread, as are similar targets such as the Landolt

C (or broken ring). The acuifty is expressed in terms of some
criticai~dim§nsion of the minimum size of target recognised.-

In the case of the Snellen letters the stfoke width is considered

the critical dimension while for the broken ring the size

~of the gap is used., A further system uses two bars separated

by a distance egual to their width, and having lengths equal
to three times their width., They are often called Koenig Bars,
although arrays of these are referred to as Cobb Charts,

The need to specify. the minimum detail discernable occurs also

with optical systems, particularly photographic and television

‘equipment,. The U,S. Air Force uses a three~bar target array

of diminishing sizes. A further system, the Ignor Limansky
Chart uses four-bar targets, while a system in use for British

Military equipment uses five bars.

Grating patte;ns have been used to measure visual acuity,

and the increasing number o bars indicated above is an

attempt to measure the acuity in terms of a single spatial
frequency. With optical sfstems the bordef—line casé is the
"resolving power" or the limit of resolution, and is commonly
expressed in terms of the maximum numbe£ of cycles per
millimetre in the image that can be resolved. When applied to

the eye it is usually expressed in cycles per degree or milliradian,
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The border-line is not sharp and the reducing size of the
retinal image shows areducing contrast as well. Contrast
is defined as the difference in lumiﬁance between an object
(Lo) and its background (LB) divided by the background |

luminance (LB).

Contrast = (LB - Lo)/LB or (Lo - LB)/LB

Alternatiyely, modulation uses the mean luminance as the

divisor.

Modulation = (LB - Lo)/(LB + Lo)

A third value in common use is the Contrast Ratio

Contrast Ratio = LO/LB

¥

As the confrast 6r modulation of the target itself is
reduced the equipment or g¢ye may fail to resolve it even
though its size is iarge. Thus, threshold responses are

a function of spatial frequency and contrast (Or modulation).
The different expressions for these mean that at values less

than about 0.1 the modulation figure is about one half the

contrast value,

Experiments to determine the response of the eye in terms of
spatial frequency and contrast or modulation have been
extensive. Workers more interested in the variation with
background luminance have somefimes used single—sized stimuli

such as a disc subtending four minutes of arc (Blackwell &

Blackwell) (1971), and taken results over a large number of
subjects. Other work is often notable for the very small
number of subjects used. Rese (1948) used a series of discs

with varying diameters and contrasts making measurements
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over background luminance values of 102 - 106ft. lamberts.

If a single or restricted range of luminance is used a more
defailed investigation can be éarried\out. A moire system
which gave trianguLar gratings has been used but most workers
have used sine-wave or square-wave patterns. Differences

in response between these have shqwn”the existence of
functionally separate mechanisms in the visual nervous

system which respond to particular spatial frequencies

(Campbell & Robson - 1968), 1In that work, the patterns

(including saw-tooth profiles) were generated on a cathode

ray tube. The viewing was monoculér with the eye . b

homatropinised. Contract thresholds were determined by the

"subject adjusting the contrast until the pattern was barely

visible.

The values obtained by this method relate to the acuity of
the total eye optics plus retina. Methods of separating iE

these are useful as then the influence of pupil size and

accommodation can be separated from retinal effects. In
Fig.l2 the response is based on contrast sensitivity which
assumes that modulation of the output from the retina at

threshold is constant from one spatial frequency to another

so that the change in input signal required is due to the

different amounts of demodulation introduced by the system.

In these investigations there are a large number of parameters

which may effect the result,

The colour, form and mean luminance of the grating have specific




effects. The accommodation, éccommodative error, pupil size,
adaptation and retinal illumination of the eyes also have
particular effects. Most of this work has been done with the
subject's monocular vision. It is known that the binocular

threshold of vision is about 30% better than monocular,

Experiments with binocular contrast threshold have been
related to photographic interpretation and image intensifier
displays. This has been almost exclusively appliéd to

directly viewed information such as photographs and large size

CeR.T. displays. In the receht book "Peréepfion of Displayed
Information' the possibility of optical components between

the observer and the information is completeiy ignored,
Nonetheless>the'nomenclature and methods Qf this area have

a direct relevance to the problem of magnifier design.. The
need to quantify the level of response had led to the adoption
of three distinct sub-divisions - detection, recognition and
identification., To these a fourth level is sometimes added -
orientatioh, which lies between detection and recognition.

These were first defined by Johnson (1958) as follows:-

Detection: An object is present.

56

ReCognition: : The class to which an object belongs
: may be discerned (eg: house, vehicle

man, etc.)

Identification: The object can be described to the
limit of the observer's knowledge
(eg: hotel, pick-up truck, police-
man, etc.)

Almost the first requirement with such a description of vision is

to relate it to physical parameters such as resolution, grain

. ._‘..50':'_‘ g
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in photographs, illumination etc. Considerable work has been

done in this field, and a major study by Scott (1968)."
led to the introduction of a Demand Moduiation Function (DMF)
which effectively specifies the minimum picture quality |
measured in physical parameters for a given object to be just
seeh by a normal observer. As such these conceptsvcan be taken
over into present magnifier designs by saying that the optics
. s Modulectpin
must not significantly reduce the TFransfer—Fumetden of the
object magnified. This may be usefﬁl with magnifiersvfor
image intensifiers and small cathode ray tubes which are often
two or three times worse than normal visual acuity. For
magnifiers in‘ihdustfy viewing real objects for assembly or
inspection the problem is more difficult. Here the work of

(¥

Overington (1973) is more applicable although he restricts himself

to monocular systems with the eye on-axis, and concentrates

on the detection part of Johnson's criferion. He points out that the
aberrations of the optical equipment and those of the eye

may Qéll assist éach other. Thus, while it is possible that

the general results of visual acuity measurements may be applied

to biocular design their main value lies in the methods used which

may be applied to the eye plus magnifier case.

When considering aspects of visual perception relating to the use

of biocular magnifiers it should be remcmbcrcd that a large
proportion of biocular magnifier applications are for two-
dimensional objects suéh as cathode ray tubes. The distortions
of this presentation must be added to thoée of the magnifier
which can provide vafiations in the third dimension before the
total distortion apparent to the oﬁscrver may be assessed.

Just what is, and what is not "apparent" to the observer is
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not easy to dd€ine. The well lnown ability of subjecls to see
what they expect to see leads to optical illusions. This is
indicated by current experience of some magnifiers where the
heavily curved image is seen as flat and in experiments where
size cues override vergence in distance judgements (Morgan -

1968), (Richards - 1969), The principle of the split-field

steroscope (anaglyph) is where two pictures viewed independently
by the eyes give rise to a sensation of depth when the eyes

fuse the two images. This sensation is therefore.de:ived from the
convergence action, and not from the focﬁssing action of the visual
apparatus.  This has been analysed to some extent by ny (1969)
who rélated the convergence .surface to the perceived image

surface directly, while the writer introduced in Chap.2 an
‘intermediate stage so that the distortion in the object may be
considefed separétely.from the distortion introduced by the
magﬁifier. The generation of é stereoscopic effectvis not the
intention of biocular magnifiers and previous work directed
towardé the measurement of stereoscopic thresholds is not

immediately applicable.

The applicable work involves the investigation of apparent siZe
and size-constancy effects both monocular and binocular as both
types of vision occur with high-powered binoculars., Linked
with thesé éffects'is that of depth estimation. Exceptwhere
perspective cues are used to produce illusory depth, oculo-
motor adjustments are involved immediately in this area. and

a discussion of specific papers is included in the next section.

In considering work on the measurement of visual performance

the paper by Johnson (1958) referred to earlier is applicable
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as his "visual acuity" targets were used in performance measurements
g

and, with some modifications, have been used subsequently in a large

number of human factors studies of search-type displays. In
these displays the major emphasis is on the time to obtain a
particular response, and the interest lies in the search

techniques and vigilance levels adopted by the observer.

As parameters of merit, response times and percentages of

correct responses have both been used. The former is the time

. lapse from the presentation of the target to the observer's

response whilevthe latter is the asymptotic value calculatcd from
the declining rate‘of response as the observer searches scenes
containing targets qf different difficulty levels. The latter
test is most often used in photo-interpretation studies. In
studies related to active situations where the time element

is important, the former ériterion is used. This may be
divided between static tests where thé target is presated,

and the observer looks for it, and dynamic tests where the
scene is changing. If this change is making the task

steadily easier then the response times measured may be
relatéd to the probability test for a given difficulty of
target, but the main difference between the static and

dynamic cases lies in the pacing of the test as the former

may be considered self—péced, while in the latter the

observer waits until the target "comes to him."

Biberman (1973) points out that .at.least fifteen display

variables have been shown to have significant, although often
inconsistent effects on operator information extraction

performance. He notes that individual experiments have tended
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to examine the effects of one, two or sometimes three such
variabies, but that due to the inherent interaction betwéen
them it is virtually impossible to quantitatively cdmbing
different sets of results, even when good experimentai control

has been exercised.

Thus, only the methods of these experiments may be considered
for use with biocular magnifier studies, although the work on
T.V, Displays (direct viewed) might be used to compare

systems with large écreens with systems employing small screens

and magnifiers.

(¥




3.3

Visual Response and Ocular Adjustments

The triad response of the visual system comprises the inter -

linked adjustments - pupil size, accommodation and convergence :
which together cover most of those ocular.adjustments which
are immediately important in a study of biocular magnifiers.
The mainbpurpose of the triad response is to maximise the
visual acuity of thg observer. The pupil size variation with
illumination is genefally the best compromise between the
retinal illumination and residual aberration of the optical
system, although this may not be so when a restricted field
of view is observed. The near response of the pupil gives a
greater depth of focus for near -vision énd the reflex nature
of this action means that it still o;éurs even when viewing
two—dimensioﬁal displays for which Zt is unnecessary. The:

effect of pupil size on visual acuity has been investigated . i

by a number of workers including Campbell & Green(1965) and

Arnulf & Dupuy .(1960)., The former maintained a constaﬁt
retinal illumination, but only investigated three pupil sizes,
2mm, 3.8mm and 5.8mm. There is no evidence as to what further

decrement larger pupils might show.

Subsequent work by Campbell & Gubisch (1966) investigated the

optical quality of the human eye by recording the image on the

retina of a thin line. The intensity profile of the line can

traunsiormed . . .
be Fourier amradysed to give a modulation transfer function for

the optical system of the eye.

Six artificial pupil sizes were used up to a maximum of 6.6mm,

and the three subjects used had their natural pupil and state of
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VISUAL RESPONSE AND PUPIL SIZE
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FIG.14 VISUAL RESPONSE AND ACCOMMODATION
' - (after CAMPBELL & GREEN (1965) )
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(Threshold Contrast)
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The effect on contrast sensitivity of changing the refractive
power of the eye of the subject. The eye was homatropinized
and a 2mm pupil used.
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- frequencies. - This has important ramifications where blur as a

‘The third part of the tdad response - that of pointing of the
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accommodation paralysed with cyclopentolateée hydrochloride.

Their results are shown in Fig.13. These show that significant
loss of contrast is occurring up to pupil sizes of 6.6mm. Thus,
any unnecessaryvdilation of the pupil represents loss in the

acuity of the subject.

Almost all recent experiments on visual acuify have been done on
subjects with their accommodation paralysed. To investigate

the effect of defocus on the visual acﬁity Campbell & Green (1965)

measured this ﬁith a range of spectacle lenses in front of the
homatropmeinized eye of théir subject. Their results reproduced

in Fig.14 are for a 2mm pupil, and show a symmetry about +1.5D

which is non—zérd due to viewing distance and refractive error.

It is clear, however, that the rate of change of contrast sensitivity

L3

with the change of refractive power is greater at higher spatial

stimulus to accommodation is concerned.

eyes is generally assumed in the above experiments, where! the
extent of the test objects is generally large. To measure the
effect of pointing error on visual acuity very small targets
must be used if points close to the fovea are to be investigated.

Millodot (1972) reviews this field and from the somewhat variable

results conqiudes thata region of isoacuity exists of diameter

between 20 and 30 minutes of arc, For a decrement of 10% a

pointing error of about 24 minutes is required. However , this

error is unlikely to occur with binocular vision without

considerable eye strain (Chapter 4).
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The - role of ocular adjustments in visual perception was
pointed.oﬁt by Helmholtz who used examples such as the effect
of vergence movements on apparent size, the variation in
apparent size during accommodation, and the stability of the
visual environment during active eye movements. Subsequent
work has led to varioﬁs "expectancy" models of perception in
which the’driving mechanism for ocular adjustment modifies the
incoming sensory informafion. Considerable work has been done
on the role of small eye movements on perception but at this
stage it is thpught that the aberrations of magnifiers may be

assumed constant over these angles, and that no direct interaction

between them will occur.

The dioptric settings of magnifiers usually placeg the image at

+a distance closer than one metre. E#periments on visual perception
in this region have investigated the perceived size of simple
objects by requifing subjects to adjust a control object to the

same size, Harvey & Leibowitz (1967) found no significant diff-

erence in the accuracy of responses for monocular and binocular
viewing. If the field of view was very restricted (little larger
than the objects - 18° vertical by 1.5° wide) a considerable

error occured above 2 lmetre viewing distance. In subsequent

experiments Leibowitz, Shina & Hehnessy (1972) monitored
accommodation and with objects subtendiné 1° found gdod matching
accuracy against actu#l accommodation distagce'up to about 1 metre.
The accommodation cue appeared to be more important than any

other up to this distance. Although no work has been found on

size matching with non-normal accommodation/coﬁvergence stimuli

it would appear that if an incorrect accommodation is adopted

some error may be expected in size perception.
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However , magnifiers are often used to present electronic represent-

ations o distant scenes such as television, Richards (1968)

maintains that when planar, perspective cues are used to give
the effect of illusory depth, size judgements are independent

of oculomotor adjustments. However, his experiments were confined

" to relative size estimates of the corridor illusion with steady

fixation and brief exposures of the scene compared to continuous
free viewing. At no time were abnormal ocular adjustments

required of the subjects.

With monocular viewing, Morgan (1968) reports experiments showing

that apparent size overrides accommodation.cues even at near

distances. Two playing cards seen monocularly at 33cm and 66cm
were reversed in position but also'Ehanged in real size so that
their apparent sizes were maintaincd; Sub jects coﬁld‘not detect

the change in depth.

Most research work in visual perception is directed at increasing
our understanding of the physiological and psychological processes
at work. The specific situation with magnifiers requires the
application of these methods to that condifion and although
previous work is invaluable in deciding the best areas of in-

vestigation it is not easy to use it to predict results.

Visual performance assessment, as indicated in the previous section
often involves time dependent tasks. Thus, the interest in ocular
adjustments now extends not only to how well they comply with
the requirements for seeing clearly, but also how quickly they

comply. Thus, the measurement of accommodation times by Campbell
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and Westheimer (1959 &1960) is of value. They found considerable

variations in response time depending on the particular stimuli
used. When this was only the blur of the image with monocular
vision, reactionvtimes of 0.3 seconds were found followed by up
to 1 second to complete the response to a 2D stimulus. Obviously
a delay in obtaining the correct ad justment should show as a
performance decfement, bﬁt no studies are knoﬁn which directly

deal with this.

In the extreme case of aircraft pilots who need fo look at their
insfruments as weli Qs the outside world'(about a 2D shift) the
head—-up display has been developed to project essential information
at the same apparent distance as the outside world. Within the
envi#onment of an aircraft cockpitUQarious convergence and accomm-
odation responses are required of the pilot as he 3cans.his
instruments. Although many studies in eye movements have been
carried out these usually relate to one eye only and do not

measure convergence or accommodation, The accurate measurement

of either over wide fields of view is very difficult. Using a

photographic system Stewart (1961) carried out an investigation

into jump vergence responses. He found that fusional movements

at 10° per second were much slower than fixational movements and
somewhaf slower than accommodative convergence movements, while

the reaction times associated with.all three were about‘0.16‘seconds.
No work relating these oculomotor responses to visuallperformance

has been found.
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Ocular Adjustments with Visual Aberrations

When considering the'likely reaction of the ocular adjustments
to non-normal stimuli, it must be recognised that the oculo-~

motor system may rely on more than one parameter as a stimulus
to action. Some actions are feflex while others are voluntary
or have voluntary components and as such allow for training om

the part of the observer.

The pupil response is entirely reflex, having a reaction time
of 0.26 seconds. Its size is determined by adapting luminance.

Groot and Gebhard (1952) suggest an equation for the case where

the adapting field fills the total visual field. When the

adapting field is reduced the size is modified. Although work

. v

has been done on very small fields, only Luckiesh & Moss (1934)

have carried out work at field angles similar to biocular
magnifieré. For a 300 circular field of 15ft. lamberts.which is
typical of a biocular magnifier, the equivalent luminance of an
unrestricted (27 ) field would be 0.45ft. lamberts which by Groot

and Gebhard gives 4.5mm pupil. Luckiesh & Moss restricted their

- work to 35ft. lamberts, but their results show a non-linearity of

10% between these fields so that the predicted pupil size is
nearer 4.,0mm., However, the calculation of equivalent luminance,

known as Crawford's Rule (Crawford, 1936) is inaccurate for large pupils.

Palmer (1966) investigated thg interaction of pupil size with
optical instrumenté, having Maxwellian illumination via an eye
ring. Where this eye ring Was larger than the largest natural
pupil, his results are applica?le to magnifiers‘and show that
for a field luminance of 14ft. lamberts pupil sizes of between

6 and 7mm were obtained. A short study by Denney & Antony(1974)

on five subjects gave the mean values>of pupil size against field
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Possible lines of constant pupil size (green
stimulus) from DENNEY & ANTHONY (1974)

A - Area of Stimulus (Steradians)

B - Luminance of Stimulus (Ft.Lamberts)

Shaded area indicates typical conditions
with night vision equipment.

Nl

B
¥

FIG.VIS PUPIL RESPONSE AND FIELD SIZE
‘ 5~—%K'4'24mm
|
A

1_

1_

|

|

| 1
B \
|

|

}‘

| |

]

!

3

|

|

%.

0’5 3.7mm \
| VAN
|
I.
|
|
'\

I
|
}
|
|
}

3;5mm .

T~

4 .Smm

4,5mm

4,0mm

/

\\

3. 8mmy

20

40 60

80

- 100

120

140 160 B

180




e et e e e = e e et i e ot £ e e e " e e 4 oot e = . e et £ e e e - ol e oo e et s

70

size and luminancé of the stimulus as shown in Fig.15. The stimulus
was restricted to a green colour equivalent to the phosphor of

an image tube by using a Wratten No.55 filter with a projector having
an Illuminant 'A' source. Within this restricted range of

parameters the lines drawn on the graph are only suggested by the

results. Bouma (1965) did extensive work on pupil size with circular
and‘annular adapting fields and fitted equations to his results, but

as these were all obtained for his own eye (monocularly) no confidence
can bevplaced in how representative they are. Bouma's equations are
critically reviewed by Clark 1972 but without taking any further
measurements. Clark also reviews the literature on binocular v

monocular viewing and concludes that the latter gives a larger pﬁpil

size so that a stimulus about ten times brighter is needed to give a

size edual to the binocular case. Bouma did céfry out'meésurements while
fixating the field off-centre. As the fixation point nears the edge

and outside of the stimulus a consi&erable increase in pupil size occurs.
Thisvwill cause changes in pupil size as an observer searches the field
of a magnifier. The effect of accommodation changes (miosis) due to

the curvature of field of the magnifier will be‘very~much.less. Obviously,
specific experimental work dver a number of subjects is :eduired in the

hatched region of Fig.15.

In general all investigations into these visual responses involve the
manipulation of a stimulus és an independent variable, and a measurement
of the response as a dependent variable uﬁder two sets of conditions.

In the first condition the mecﬁaniém responding is free to make any
response without, as far as is known, altering the stimulus.conditions
through sensory feedback and is called the ‘open loop! condition.

Alternatively, sensory feedback may be allowed given a 'closed
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loop*' condition. In normal use, and with magnifiers, the
'closed loop' condition applies, although the sensory feedback

may be modified by the presence of aberraions.

The stimuli to accommodation are more numerous than to the
pupii, and are also subject to some controversy. The ma jor
problem concerns the interaction of accommodation and

convergence. In normal binocular vision accommodation and

convergence are adjusted together when viewing objects at

different distances.

Fincham (1951) maintains thaf the most powefful stimﬁlus to
accommodation is‘the disparity between the images in the two
eyes which leads to convergence,vwﬂich in turn stimulates
accommodation. The blur of the retinal imagé is seen as a
further stimulus. Accommodation itself is a reflex action

although becoming more voluntary for subject over 26 years of age.

Westheimer (1966) also classes accommodation as involuntary and

characterised by an almost perfect correlation between the
accommodative responses of the two eyes of a normal subject.

It is also characterised by a dead zone of between 0.3D and 0.75D
varying inversely with pupil size. Generally, an effective
response does not occur unless the stimulus change is of this order

of magnitude. The response tends also to lag behind the stimulus

whether this be convergence or blur. Fincham & walton (1957)
examined both these stimuli in some detail, both 'open' and 'closed
loop.' Fig.l6 shows the normal response (open circles) is good

over the 1.0D to 2,0D range but lags at stimuli nearer than this.
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FIG. 16  ACCOMMODATION AND CONVERGENCE INTERACTION

after FINCHAM and WALTON(1957)
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If the stimulus i$ only convergence (depth of focus made very
large by small aftifidalvpupils) the accommodative lag becomes
worse (black circles)., If the stimulus is only blur'(monocular
viewing) the accommodation of the viewing eye (crosses) lags

to a slightly larger extent than normal,

All these situations apply to some extent in a biocular
magnifier, and it would be helpful to have the data averaged
over more than one subject! 1In the central binocular field of
a magnifier the major stimulus to accommodation will be the
convergence of the eyes neéessary tovachieve fusion., If this
is incorrect the retinal vergence.(blur) may act as a secondary

stimulus to modify the accommodativevresponse, Fincham & Walton

J

(1957) again determined this forh%he same subject, and their

‘results are shown in Fig.1l7. In this graph the solid circles

represent the normal situation, while the crosses show the
accommodative response to retinal vergence changes of 1D for each
value of convergencé. It is seen that with a 2 metre angle
convergence the accommodative response can be increased from 1.5D
to 2D by increasing the retinal vergence to 3D. (onversely the
accommodative response can be increased to a correct value of 2D
by increasing the convergence stimulus to about 5 metre angles,
although this is about as much as the subject can étanq as the
open circies represent the limits of single vision. This latter
action would be slightly better with younger Subjects as the
authors found that the slope of the convergence induced
accommodation 1ine‘changed from unity to almost zero over the

age range 12 - 60 years.
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In areas of the magnifier where binocular vision is not available
the stimulus to accommodative change can only be blur of the

retinal image. In his earlier study Fincham (1951) pointed out

that the blur of the retinal image was the same no matter in
which direction the incorrect accommodation lay. However, the
direction of the accoﬁmodative response is always in the correct
direction for stimulus shifts up to 2D and for subjects up to
26 years old. He then found that this correctness.was lost

for 60% of the subjects when monochromatic illumination was
used. In terms of biocular magnifiers used with image
intensifier tubes it would appear that the green.phosphor may
constitiute an aberration so far as the‘fine ad justment reflex
of accommodation is considered. Whether a white light system
would provide an improvfement in-visual performance .is not
certain when the 1.5 - 2D extent of chromatic aberration in the

eye is remembered.

Possibly a greater hindrence to fine adjﬁstment of accommodation
in the binocular region and total control of it in the
peripheral monoéular region is the reduced visual acuity
represented by the image intensifier as used with biocular

magnifiers for night vision.

Heath (1956) reported that the precision of the accommodative

response is a function of visual acuity, being poorer when the
visual acuity isklow. As the reduction in . visual acuity was
generated in one case byjéround glass screen interposed Just
in front of the targets, there is a stfong resemblance to the
image intensifier case. The binocular vergence cue was absent

in these equipments, but the most interesting feature was that
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FIG.18 ACCOMMODATIVE RESPONSE TO BLURRED STIMULI

after HEATH (1956)

Blurred to 20/300
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Accommodative response to monocular stimulus having reduced spatial
frequency. Arrows indicate the order in which the stimuli were presented.
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the reducing precision showed up as an increased lag of accommodation,
Fig.18 is reproduced from Heath's paper and shows the reluctance
to-change effect. The blurring to 20/300 represents a visﬁal

acuity limit which is fifteen times worse than normal vision.

The magnified film of the experimental study corresponds to

five times worse than normal vision.

The size of the reluctance effect is difficult to relate to other
values of blur and of amplitude of the stimulus change coupled

with the fact that the data is for one subject. However, the

accommodative response time of a subject scanning to the edge of

_the field of view of a mgnifier having 2 dioptres of field
curvature is likely to show considerable delay.

Other cues to a;commodation have been studied, and although
these are usually overridden by those of convergence and
retinal'blur,.the,abSence or opposition of these may allow the
others to have a significant influence. In particular, the
influence of peripheral stimuli to accowmodation is important
wheﬁ the eye can see the edges of elements of the magnifier
ﬁhich appear at different distances to that of the image.
Anisometriopic étimuli may occur in the image itself but this
must be in the binocular region so the convergence cue will
predominate. However, at the limits of the monocular fields
the proximity of the field edge may introduce accommodative error.

This was investigated by Hennessy and Leibowitz (1971)

where subjects fixated a spot through various apertures while their

“ accommodation was measured by laser scintillation, It was found

that for apertures of 1% and 4° a considerable influence on

oy
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accommodation occurred as the aperture was moved even though
the spot remained stationary. Related to this is instrument

myopia (IM) which has been found by many observers. Schobcr,

Dehler & Kassel (1970) found that between 0.5 and 3 dioptres
could occur with binocular viewing while an incrcas§ of 1.5D on
these figures was found for mﬁnocular viewing. This figure
describes the preferred setting of subjects using microscopes.
The authors noted a considerable learning effect which reduced

these values although this occurred over some months.

.A common feature of the studies reported in this section is that

oculomotor adjustments rarely rely on a single stimulus for their
‘response. This‘magcs it difficult to predict their reactions

to the abcrrations of biocular magnifiers although general
conclusions may be drawn as a basis for study. Yet a further
difficulty érises from the ability of the accommodative

response to anticipate stimulus changes. Wildt,Bouman & Kraats

(1974) presented a sinusoidably changing monocular stimulus

to a subject and found cases where a considerablevanticipatory
affect could occur, which was related to training.b In a high-
power magnifier the curvature of field gives an accommodation
stimulus which is fixed relative to field position. This should

permit a considerable learning effect if the aberrations alloew this.
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Aberration limited Vision

In an attempt to relate chapters 2 and 3 it is useful to consider
the aberrations of high-powered magnifiers indicated in the
previous chapter and their likely effect on a normal observer,

al .
The principhe binocular aberrations listed were:-

1 ‘PanalkaxL

2‘ Limited. Binocular Overlap
3 Astigmatism

4 Curvature of Field

Three other aberrations, not specifically binocular, need to be

considered.

5 Limited Total Field

6 Reduced resolution (Visual acuity)... considered

as a feature of the object magnified rather than optical aberrations

over each pupil.
7 Limited Colour Range,

The effect of these on each aspect of the Triad Responsé is as

follows:~

The pupil size is not obtained from the adapting luminance but

exhibits an increase due to the restricted field. Some varying

.miosis will occur due to the curvature of field.

The accommodation driven by the convergence cues in the binocular
area may be incorrect in the presence of parallax error., The
retinal blur induced may not correét this in ﬁhe absence of
chromatic cues and at the reduced resolution values. In the
monocular region the curvature of field demands a shift in

accommodation as the field is scanned. In addition to the
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reduced colour and resolutionythe nearness of the monocular edge

of field may stimulate an incorrect amount of accommodation.

Convergence will be immediately affected by parallax error as the
retinal blur response of the accommodation may alter the fixation
disparity value. Energetic visual search of the whole field
results in frequent jumps between associated and (at least
partially) dissociated vision. Depending on the strength of the
observer's fusional lock this could lead to double vision and

suppression where one or other of the monocular fields is ignored.

The remaining aberration - astigmatism - remains somewhat enigmatic.
Obviously a loss of visual acuity results but what effect this has
on the oculomotor adjustments is mor e difficult. The convergence
will achieve fusion on vertical line foci rather than horizontal

and the decrease in the resolution will hamper the accommodative re-
sponse. Unfortunately for this study astigmatism as an oculaf

defect is straightforwardly corrected and no work is known relating

loss. of visual response to its value.

Considering the visual response in its three areas it is seen
that stimuli which generate a larger than necessary pupil size
effectively reducg the visual acuity. Stimuli which give
incorrect focus adjustmeﬁts also reduce visual acuity. Visual
perception will be influenced by the accommodation-convergence
relationship although the extent of this with perspective rep~
resentations as objects is unlikely to be large. ?isual performance
on the other hand is likely to show degradutidn due to the

reduced visual acuity associated with incorrect oculomotor adjust-

ments and also with the likely increase in the response times

of these adjustm ents when faced with abnormal or conflicting
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stimuli. That these stimuli may cause visual fatigue in the
observer is considered in the next chapter together with the

possibility of adaptation and learning on the part of his

visual apparatus.

The optical design of biocular magnifiers needs a mathematical
expg¢ression which combines values‘pf various parameters

into a single value. This value can then be -associated with a
particular design. When changes in the design alter the value
the direction of its shift can be taken as an improvement or
degradation over the original design.k This allows computer-
based auto-design programmes to optimise designs. As will be
appreciated, the mathematical expmessidn contains the essence
of the whole technology behind the.design effort‘and, in the

case of objective lenses, has been the subject of many years

work and difference of opinion.

As a starting point with visual lenses the central physiological
feature is the triad response and the stresses that the magnifier
incurs in this. 'Aq initial expression for this single value

or merit function could be the reduction in visual performance
primarily related to an acuity task. This may be based mainly

on the accommodation error but the extent of this error will

not only vary with each field point but also on the field point
at which the observer was looking immediately before. Thus a
random or standardised search pattern and speed must be assumed

before such a concept can be meaningful. Even then the best one

can hope for is some sort of probable mean error over a period

of time.

S



82

CHAPTER 4

VISUAL ABERRATIONS AND FATIGUE

4.1 Introduction

Some people sﬁffer visual stress due to defects in their visual
apparatus. Others have it thrust upon them due‘to difficult
visual tasks, inadequate illumination or incorrect correction

of refractive errors. In this study we are primarily concerned
with persons having normal vision and any eye strain arising
from the use of biocular magnifiers must be attributable to those

magnifiers and not to defects in the user's vision.

However, optometric (ophthalmic) procedures have tw main

purposes:~

(1) to provide for clear vision, and
(2) to provide for comfortable vision,

and in the study of patients suffering visual discomfort,
various attempts have been made to induce similar symptoms

in normal subjects and so their work has an important bearing
on this study. Almost ail cases of eye strain can be relieved

by relaxing in a darkened room (Heaton, 1967). The symptoms re-

appear some time after visual work is resumed. Itis essentially
a time-dependent phenomenon, and as such it is difficult to

distinguish from fatigue.

Dubois-Poulsen (1969) points out that a solution to the problem

of fatigue has been sought indirectly in the description of
symptoms, in the study of presumed causes, in the calculation of
output and rarely in a physiological study with the result

that we do not have a physiological test for visual fatigue;

Brtley & Chute (1947) suggest the following distinctions in terminology: -
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Fatigue:~ Subjective feelings of aversion to
continuing an activity,

Impairment: - Physiological change in tissue
which reduces its ability,

Work Output:- Overtiability measurement .

R.H.Seashore (1951) describes these three factors as semi-

independent variables. He adds that psychologists are often
astonished by the extent to which the human organism can
continue to perform adequately under extremely unfavourable

conditions. Hovey (1928) used student learning tasks with

and without continuous distraction and found no significant

difference. Warren & Clark (1937) deprived subjects of

sleep for 65 hours and found that although they had to struggle
to stay sake, their work output on a variety of psychological

tests showed little or no decrement. o

The important word above is struggle, for the effort applied
to the task by a subject is likely to have a greater

influence on work output than either fatigue or impairment
unless these reach chronic levels. However, chronic fatigue
is much more likely to follow prolonged periods of unpleasant
emotion rather than the expenditure of physical exertion which
may even obliterate the fatigue. Because of the compensatory
efforts made unconsciously by the subject, it is ‘unlikely that
work performance measurements will in themselves indicate what
fatigue or iﬁpairment is experienced in using a‘specific piece
of equipment to perform a particular task, although one might
hope to obtain some empirical relationship between them over

a restricted range of external parameters.

The above remarks regarding general fatigue and allied

phenomena apply in the main to vision. However, a larger
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number of people complain of eye strain than any other
strain when doing normal everyday tasks. The majority of
patients lqcate the discomfort in the eyes, and usually
relate this to the performance of near visual tasksrather
than distant. The major symptom is the headache, but

Heaton (1967) defines eye strain as the symptoms experienced

by a person who strives to see. Duke-Elder (1949a) goes

further, "In health the use of the eyes ought to be a sub-
conscious function - eye strain may be defined as the
symptoms experienced in the conscious striving of the visual

apparatus to clarify vision by ineffectual aljustment,"

The striving and the failure are essential ingredients for

discomfort., Dubois-Poulsen (1969) makes the point that small

defects are more serious than large ones. The eye stops
fighting against large defects, but does not give up the
fight against small ones. The abandonment of binocular
vision in favour of using one eye only, and suppressing the

other, tends to relieve eye strain,

' The concept of striving to see suggests that visual diécomfort
and eye strain are muscular in essence. The muscular mechanisms
of vision are sub-divided into those which point the eye -

the éxtrinsic or extra-ocular muscles, and those within the

eye controlling the pupil - the sphincter and dilator muscles,
and controlling the accommodation response - the ciliary muscles.
A further related group of muscles provide the protective

me chanisms, blinking and lacrimation, which may respond symptom-

atically to visual discomfort.



85

In his chapter on eyestrain Heaton (1967) .lists- 1l pieces of

evidence against the ciliary muscle being involved in eye

strain and 10 against the extra-ocular muscles. For the

former he quotes experiments to fatigue the muscle by

ergographic experiments which failed to generate eye strain.

Other efforts to fatigue the near point generaily resulted in
near-vision imprbving. He also points out that there is a constant
fluctuation of accommodation of the order of 0.3D to counter
reports that errors of much smaller magnitude cause eye strain.

For the. latter case Heaton quotes Lancaster (1932) that the

extrinsic muscles have a vast reserve of power 200 timeé that
required to move the eyeball. He quotes cases of hetrophoriza
with eye strain where prisms which increased the work load

on the muscles cleared the symptoms. e

Heaton goes on to concentrate on the psychological aspects of
eye strain, but although he is able in this way to raise
objections to ocular muscles being the exclusive cause, there
is no question in the minds of many authors that the muscles
are major contributors with sensory, nervous and cerebral
factors also being involved, while the critical psychological
factor appears to be whether the subject continues to strive

for good vision.

Thus, the studies of visual fatigue concentrate on investigating
muscular effects while including also the sensory mechanisms
which provide the error signals to the muscles. Work on the

actual nervous innervation of the musclesis much less common.

In relating normally healthy eyes to the mismatch conditions

which may apply when using biocular magnifiers, it is likely
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that muscular difficulties will have the most immediate effect.
If the mismatch also introduces sensory difficulties these may
also contribute. The duty times allowed in experimentation

over sufficiently large numbe£s of subjects will preclude any
measurements which are aimed at long term effects. 1In fact,

the phrase "visual discomfort" is a better description of the
sort of effects likely to occur in periods up to one hour.

For this study where the overall interaction between biocular
magnifiers and the user's visual apparatus is being investigated
the requirement is for some measure of visual discomfort which
can be applied during or after use of the magnifier by each
subject. Specific work on eye strain has been studied so that
its relevance to visual discomfort with optical aids might be
ascertained and, if possible, some suitable discomfort monitbring

.

method obtained.
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4.2 Fatigue of Visual Muscles

4.2.1.

Protective.. Mechanisms

The act of blinking may be voluntary or involuntary.
Unless the attention of the subject is drawn to it,
it remains largely involuntary and is found to
remain unaltered over a wide range of illumination

intensities and in complete darkness. Luckiesh &

Moss (1938) in very carefully controlled experiments

found that average blink rate increased with time
from 20 to 30 per minute when readig for one hour
periods. If the size of the type was reduced, the
average rate increased. .. A similar increase was
found when 0,5 dioptre lenses were introduced.
These figures were obtained as average.values over

81 subjects. Other work by McFarland etal (1942) failed

to show any consistency of results. When Bartley
studied fixation fatigue (4.2.4.) he abandoned blink

rate as a useful measure.

In the study reported in this thesis a preliminary
trial was carried out with subjects viewing a film
which had short blank lengths at 100 ft. intervals
intended to fécilihﬂtphoria measurements (4.2.4.)
without having'to stop the projector. On.monitoring
the blink rate of subjects using a biocular magnifier
it was found that their normal blink rate dropped to
very low values during the time they were watching the

film and rose to high values during these rest periods.
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It was reckoned from this that the blinking action
was no longer completely involuntary, and was
therefore abandoned as a measure of discomfort

for visual tasks having an interruption sequence.
Subsequeht experience suggests that interrupted
tasks may not relate very well to normal ﬁse (Chap.6,
Experiment 2). As a non-~interfering method of
monitoring an activity of the subject, blink rate

measurement should not be completely ruled out.

Although subjects with eye strain often complain
of hot burning eyes, it is difficult to see how this or
their state of lacrimination may be mecasured with any

accuracy. e
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4,2,2. Pupilary Behaviour

Measurements of pupil diameter on office workers by

Luckiesh and Moss (1933) showed that this‘inéreased
between morﬁing and late afternoon. The study was done
on nine subjects over 22 days, and the mean increase
was 6.3% on diameter with a probable error of 1%.
However, individual subjects showed variations on this
'figure of -1,8% to +17%. As the measurementé require
. very good adapfation to a consistent leﬁel of illumination,
the time for each one mustlbe some minutes. It would seem
unlikely that this method will yield usable results for
subjects using magnifiers for periods much shorter than

an eight hour day.

A different sort of experiment was carried out by

Bartley (1942) in an attempt to deliberately fatigue

the sphinctor and dilator muscles which control the diameter.
This was done by a flashing light stimulus of variable
frequency. At.one flash per four seconds the mpil

response could follow the changing illumination and no
discomfort was experienced. As the frequency was increased,
most subjects reported discomfort at 1 - 2 flashes per
second. Bartley found that at this frequency the

pupil was failing to ;espond completely or

accuratély to the stimulus. At 6 flashes per secondv

the pupil was unable to respond at all, and the

sub jects reported no discomfort, although the flashes

could be clearly seen.

This pattern of discomfort lends credence to the

idea that strain occurs when the visual system is
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trying but féiling to perform satisfactorily. 1In this
case Bartley relates the discomfort to conflict between
the two muscles relating to contraction and dilation

of the pupil.

Halstead (1941) found that when these muscles were

imiobilised by drugs the discomfort with the
middle rate flashes did not occur. This places the
fatigue with the muscular actions rather than

the sensory and nervous control of them.



4,2.3. Accommodation & Refractive Error

Although many cases of eye strain have been
successfully treated by the provision of correcting
lenses for ametropia, it has proved extremely.
difficult to cause fatigue of the ciliary muscle
experimentally. Donders in 1864 first discussed

accommodative asthenopia as a considerable factor

in the incidence of eye strain. Duke<Elder (1949b)

lists three types of dynamic failing:-

(1) Insufficient accommodation (sub~normal)

2) Ill~-sustained accommodation (failure to
maintain a good level)

(3) Inertia of accommodation.

Insufficiency of.accommodation has been measured

from time to time, but the others only rarely,

The simple measurement of the near point (nearest

object location for distinct vision) has been

measured before and after work and a deterioration

found, but btper tests have shown an imérovement.

Ocular ergographs which alternately bring an object
towards and away from an observer have been used, but with

" mainly. inconsistent results. Dubois-Poulsen (1969)

remarks that very short relaxafion from the task entirely
relieyes the symptoms. In attempting to measure the
inertia of accommodation the same aﬁthor provided reading
material alternating between locations 5 metres‘aparf.
Equal apparent éize was maintained and the shortest time of

alternation was found for reading to continue. This
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lengthens considerably after the subjects had spent
some time on an ergograph. The author notes that not all
workers are in agreement with these results. Berens

& Stark (1932) reported a study of 195 subjects in which 30%

improved, 30% deteriorated and 40% exhibited no change
in their near point. They used a card with small letters
in an érgographic manner but the excursion was from 3D

to within the near point.

Later Berens & Sells (1944) did further work on patients
attending theif clinic with complaints of ocular fatigue

or other symptoms of asthenopia. This selection of subjects
limits the applicability of their results to the general
population. However, they were able to show that after

30 minutes on an ergographic task the mean near point of
their 57 subjects had increased. However, the differences
found were about one third the standard deviation of the
measured values and so such a test of fatigue where the
task comprises different magnifiers is unlikely to be

able to discriminate between them .

A lot of the information supporting muscle fatigue as

a basis for eye strain really arises from clinical

experience of patients who suffer this disability. Astigmatism
is known té be a source of visual fatigue éomélaints in as much ¢
the correction of even quite small amounts is found to

relieve the condition. Presbyopia is regarded as a major

soﬁrce and in particular the.early stages of this. Later

when fhe patient accepts the cbndition and n§ longer tries

to overcome it, the symptoms disappear.



This point about acceptance or non-acceptance by

" a subject of his visual performance seems to
relate back to DukKe~Elder's definition of eye
'strain as the striving to improve clarity by in-
effectual adjustment. The accommodation of the‘
visual system in focﬁssing for different distances
has a basic similarity to an observer using a
modern example of night-viewing equipment. The
large aperture objective lenses required by
passive image intensifier systems means that the
depth of focus effect may be felt at distances up
to 200 yards or more. Members of Pilkingtoﬁ P.E.
staff engaged in demonstrations of such equipment
report informally that users tend to fail into two

classes:~

(1 Those who focus up the system for a given
distance or on a star, and then leave it

alone, and

) Those who seem constantly to be adjusting it.
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These comments apply particularly to people having only

slightﬁ? experience of this type of equipment.

Also important from a fatigue aspect is the subjective

appearance of the scene in such equipment where the
magnifier power is commohly such that the limiting

resolution of the intensifier is of lower spatial

frequency than the aided eye. Thus, the scene appears

blurred. As discussed in Chapter 3, the mechanism of
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accommodation is generally accepted as being a servo-
controlled system with the retinal blur as a major
if not the only error signal. The apparently low

-~

screen response means that the accommodatvie response

can never reduce its érror signals to the value to

which it is ac;ustomed. Essentially, the system is
tending towards open loop with a confinuously high error
signal. If such a system is liable‘fo fatigue there

does not seem to be a better way of causing it ‘short of
the ergographic methods deséribed earlier. If the

scene to be observed has a field curvature effect so that
different parts of it require different accommodative
responses, a search of the scene becomes an ergographic

task. The presence of astigmatism can.only exacerbate

the situation.

Accommodation measuring equipment in the form of infra-red
optometers has been available for many years, and could
be used to monitor a subject using a magnifier. However,
no- study of accommodative fatigue with objective accomm-

odation measurement is known to the writer,.

The possibility that subjects can block or reduce the
sensory error signal by 'accepting' in some way the
limitations of the equipment, is perhaps very likely.
‘As in the cases of presbyopie, described by Dubois-
Poulsen, this acceptance shouldllead to a dimipution
of fatigue symptoms or to an apparent learning effect

while using magnifiers.
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Vergence and Pointing Error

Difficulty in performihg eye movements often

produces fatigue, or to put it more cautiously,

patients complaining of visual fatigue are often

found to have some limitations in this oculo-motor
function. Although the most apparent of these is heter-
oftropia whefe one eye fails, turning in some other
direction, and the image from that eye is suppressed by
the brain, this suppression, if complete, results in
monocular vision, and in general, an absence 6f fatigue.
A much more common condition is where the.pointing
directions of the eyes at rest are different from

those required in use, #nd muscular effort has to

be expended to give fusion.

The rest directions are determined by disassociating
the eyes, that is one eye looks at a scene which is

completély different to that viewed by the other eve.

The relative pointing of the eyes now has little significant

effect-on what the subject sees, and the eyes are
considered to adopt an orientation relative tc¢ each
other for which least effort is'required from their
extrinsic muscles, The difference between the relative
convergence of the eyes when dis—ussociated, and that
when fused binocular vision is obtained, called
heterobhoria, is commonly measured at distant vision
conditions (qver 6 metres) and near visioﬁ conditions,
0.33 metres. Where fhe eyes converge at restbto more

than the necessary value this is called esophoria and

where less, exophoria. ©For near vision conditions,
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exophoria is rather more common, while esophoria tends

to be associated more with eye strain,

The rest directions may be different in the vertical
orientation as well as in the plane of the eyes,

and this is referred to as right or left hyperphoria,
depending on whiéh eye is uppermost, Difference

between rest and ﬁsg rotation of the eyes is called
cyclo-phoria; This_condition occurs infrequently, and.
then usually in association Qith appreciable degrees of
horizontal or‘vcrtical inbalance. The Qisual discomfort
commonly acéompanying»this con&ition is usually relieved
thn theée other pﬁérias are corrected,

v

It is possible by placing prisms in front of the eyes
to match the required pointing of the eyes. with the
dis-associated pointing for any given viewing distance.
These are described in terms of whether their bases

are “in" (towards the nose) or "out" (or up or down)
and their deviating power in terms of "prism dioptres"
(cms.shift af one metre distance). "Buée—in" prisms

in front of the eyes mean that they need not converge to
the normal extent for a given viewihg distancé. When
correcting refractive error, the lenses prescribed by
opticians can also be decentred so that they contain
effective prisms. Relief from eye strain symptoms

can often be obtained by matching, at leaét partially,
the required pointing with the phofia of the patient.

In the case of high esophoria the provision of base-out

prisms should ease eye strain symptoms, but often this
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improvement is short-~lived and the symptoms refurn
as the deviation increases., The practice of orthoptics
usually tries to exercise the muscles and train Lhe patient

in the use of his eyes.

Mayou (1968) reviewing this field, maintains that more

than defects of muscle balance are involved in these
cases. Shg points out that orthoptic treatment succeeds
in some cases, and fails to give more than temporary
relief in others, not withstgndng that the dis-~asscciated

phoria as measured is virtually unchanged.

This may be that the rest position of the eyes is not
necessarily related to any conflict in the motor

mechanisms when the eyes are inuse. Hofman and

Bielschowsky (1900) reported many years ago that

pointing inaccuracies occurred with eyes which were
apparently achieving fusion. This was demonstrated

by providing the eyes with separate pages of print

which were identical except for one having & short
vertical line in the centre, while the other had a short
horizontal scale. Although subjects achie?ed siﬁgle
vision with the print, it was found that the line

intercepted the scale at differing places.

An extensive study of this was made by Ogleé (1949) who
called it "fixation disparity" and found it to be a
commenly occurring phenomenon related to the ocular
pointing mechanism making use of Panum's fusional areas

to relax its precision. He found, however, in measurements

on over 200 subjects that the dis-associated phoria
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exhibited was virtually independent of the fixation
disparity. Ogle and co-workers have not related
fixation disparity to eye strain to any great extent,
but Brock (1961) maintains that the rest position of
the eyes is far less likely to reveal causes of eye

strain than the fixation disparity.

He claims that the inaccuracies of the pre-setting action
of the eyes determine the fusion compulsion necessary

to achieve single vision. For clinical use he designed
a test'in which the smell area of dis-associated vision
(the line and scale) was extended from the 26 for Ogle
to about 306 ~ 40°. This means that his measurements
are somewhere between the extiemes of*associated and
dis~associated vision, and as such are not directly
‘relafubie to either values. His claim that these relate
more to eye strain is presented forcefully, although
fhe basis is much more that of clinical experience

rather than controlled research.

These two concepts of associated and dis-associated
pointing error can both be defended as relating to eye-
strain symptoms in patients. When the process of
generating eye strain by introducing pointing error is
considered, very 1ittle~successful work has béen done,

In fact, Carter (1965) reported experiments carried out

some years earlier where subjects were selected as having
normal binocular vision (good sensory fusion) with no
significant visual discomfort. Heterophorias on nine

subjects and fixation disparities on thirteen subjects

were measured before and after placing base-in and
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base~out prisms before their eyes and 15 minutes later
during which time the prisms had been worn continuously.
In almost every casé the hcterophor;a, although showing
a large change to begin with, at the end of the quarter
hour returned to about the same value as before the
test. The experiment was carried out with various prism
~dioptre valuwes from 10 base~in to 32 base-out divided

between the eyes.

On removal of the largest base-out prism, only one

aib ject was able to obtain motor fusion immediately.

The other 12 were esotropic with diplopia for periods

of two minutes up to four hpurs.

Longer periods of wéaring the prisms. obtained similar
resulls, Throughout the cxpcfimcnt there were only a
few reports of visual discquort. Thcrc‘was considerable
indication that the adaptation phenomenon was dependent
on senéory fusion. The subjects who exhibited esotropisa
following the removal of base-~out prisms were slow to
recover single vision. If this effect were induced

before sleep it was there on waking eight hours later.

Against these reports of adaptability without‘discomfort
by the extra-ocular muscles, there must be placed two
studies which did generate some visual stress. The
earlier of_these comprised the apparently simple task

of fixating to a point between‘two fixation points.

These were two white discs in an otherwise dark field.
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Bartley (1942) reports that subjects found this task

exceedingly difficult; Eye movements, although ordinarily
voluntary, under thege conditions became almost
uncontrollabie. All the observers could do was to avoid
going outside of the black area. and reaching the discs.

It was found that over five minute periods discomfort

and irritation developed, giving rise to fluttering of

the eyelids, blinking and postural shifts of the body.
Bartley maintains that these effects are due to the conflict

in the reciprocal innervation of the extrinsic muscles.

In studies of the visual suitability of head-up displays

Gold (1970,1972) found that when these superimposed a

display on the outside world with veigence errors between
the eyes, visual discomfort was experienced by the pilots
who were used as subjects, The experimental arrangement
comprised a telecentric viewing which presented images
from a cathode ray tube to each eye alternately but

well above flicker fusion. This allows binocular
disparities to be generated electronically by switching
the CRT display into different locations as euch eye

is exposed.

At the same time & background scene could be seen by the
subjects upon which the CRT information was superimposed.
After & 15 second view of & given binocular disparity
subjccts were asked to rate his level of visual comfort

in one of the following categories.
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VISUAL COMFORT LEVEL

Excellent

Comfortable, short of Excellent
Mildly uncomfortable

Severely uncomfortable

Doubling less than 50% of the time
Doubling more than 50% of the time

Three subjects were used in the first series of tests

and six in the second but unfortunately only the former
contained measurements made without a structured background.
This represents the case where a subject is looking into

a magnifier without any other stimuli against which to
compare his vision. Gold found that horizontal disparities
of 9 minutés of arc. and 18 minutes (cpnvergence) would
reduce the reported comfort levels to 2 & 3 respectively
when the outside world view Qas present. When a plain
background was used these increased significantly to

over 37 minutes and over 69 minutes respectively.

Thus, again it is seen that the eyes are much more
susceptable to stress when there is a conflict in the

visual scene.
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The Triad Response

As this term comprises the related muscular

actions of convergence, accommodation and puéilﬁary
response, it is clear that fatigue of this has been
pértially covered already, particularly in the
e#periments of Carter where the prisms worn changed
the convergence and not the accommodative situation.
However, the relationship between ac;ommodation and
convergence, although abnormal, was at least fixed

for the period of the test.

It has been sﬁown that with biocular magnifiers the
éonve:gence surface may be different from the
accommodation surfaces such that the stress on the

triad response may vary as different field points

are fixated. Although the extent of a patients

fusional reserves are generally measured b? an ophthalmic
optician, there seems to be no general data available

on average values over the normal vision pbpulation.

Balsam & Fry (1959) showed a general diagram (Fig.

19), which indicates the acceptable range of variation
and clinical practice usually restricts any effects due

to spectacles to the central third of this.

This diagram can be redrawn in magnifier co-ordinates
(Fig.20) which allow an appreciation of the relatively
large variations acéepted in ophthalmic practice.

The scales have been made §imilar ' :so that a 'reality
line' " can be drawn. It is then seen that the

phoria line is removed from this line which lies near

the centre of the single vision envelope.
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FI1G.19 CONVERGENCE / ACCOMMODATION RELATIONSHIP

after BALSAM & FRY (1959)
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It might be suggested that if a magnifier gave a visual
parallax aberration which required an accommodation and
convergence which lay within the dotted envelope all will

be well,

Several factors militate against this. For a start, the
locus of the envelope is an informed estimate rather than
the result of many investigations and variations between
observers are considerable. Secondly, we do not know

the contours of acceptability within the envelope.

Leibowitz et.al. (1971) made measurements on a difficult

stereo depth perception task at various accommodation

and convergence values. Although most results off the
reality iine were worse than those on it, some incompatible
viewing conditions showed an improved perfofmance. Thus,
the possibility arises that better performance at other
visual tasks may occur at points other than on the

reality line. However, if the area of parallax error

is shifted from this it would probably result in a

higher incidence of discomfort over a representative

group of users.

As spherica; aberration producing parallax error is
difficult to control over the fast ienseS'Which constitute
high-power magnifiers it is essential that suitable
limits of it should be determined. Whether these limits
will be denoted by an maximum allowed drop in performance
or the onset of visual discomfort in the users is a ma jor

- concern of the experimental part of this study.
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Sensory Fatigue Tests

Althouéh the largest fatiguing effect of visual aberraﬁions in
biocular magnifiers is likely to be on the muscular mechanisms of
the éye, consideration should also be given to sensory fatigue,
either as suitable monitor of eye strain, or as being induced

by some action of the magnifier.

~Bartley & Chute (1947) lists threshold fatigue, fixation-disappearance,

colour fatigue, adaptation and flicker detection under this
heading. Only the first and last of these is not directly related

to a very particular visual activity. McFariand, et.al(1942)

investigated a possible deterioration in threshold response.
Although they were able to relate this to general fatigue, there
is no evidence that the reduction they found was linked with

the performance of a visual task. The work by Spencer & Cohen (1928)

on visual threshold and fafigue obtained a correlation of 0.78
between a person's threshold and how long he had slept the night
before. Again, this is not directly related to any visual fatigue

using optical instruments.

In studying the effects of driving fakigue, Lee & Hammond (1942)

measured the critical fusion frequency of the eye and found that

this was depressed following exposure of the eye to a flickering
light. The exposure periods were five minutes and a reduction

in the c.f.f. of about 3 cycles per second was noted over 5 subjects.
After two or three exposures the original value was obtained after
recovery times of up to one hour., They applied this measurement
tq-lorry drivers finding a slight, but consistent tendency

towards lower critical frequency with increasiqg hours of

driving.
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These reductions were in the order of 2 cycles per second after

five or ten hours of driving. With some groups an improvement

was found after ten hours. Arnold; Busch & Wachholder. (1953)
were able to show three stages of fatigue - an increase in c.f.f.
then a reduction, ahd,finally a new increase by compensation.

Although such a test might be‘convehient to do, Dubois=Poulsen

(1969) holds little hope for this from the studies reported
claiming that the effects of sympathetic stimulation, secretion
of adrenalin and mental concentration influence the figures to

too great an extent,
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Other Fatigue Tests & Symptoms

Tests for fatigue based upon concepts in psychology are common,
but usually relate to general fatigue rather than specifically
visuwal discomfo;t. Although the use of biocular magnifiers

for observing_displays over many hours will obviously fatigue
the users, general fatigue tests are so various in their results
that they require sizeable groups of subjects for statistical
analyéis. The use of these tests to differentiate between
alternative optical design solutions to the magnifier design

problem cannot be considered likely to produce valuable results.

One test related to visual perception uses'the fluctuation of

optical illusions employing reversible perspective. Tussing

(1941) found that the open cube illusion gave an average fluctuation

of 19.5 per minute before a general fatigue exercise. This
involved pulling a machine about 500 feet involving the expenditure

of about 0.36 horse power. Afterwards the rate of fluctuation had

increased to 28.8 per minute. ' Tussing concludes however, that

variations in these results render the device inadequate as a

fatigue index for individual prediction.

In this study of visual fatigue caused by biocular magnifiers,
such a test may be useful in determining the effects of apparent
distortion, not only by making before and after measurements, but

by applying the tests via the magnifier.

Heaton (1967) lists the symptoms of eye strain with the headache
as the commonest. If an objective measurement of ache intensity

was available, or even a subjective system allowing inter-subject

comparison, its value would be énormous. The nearest. measurements
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to this are the various electrical potentials obtainable from

electrodes on the scalp. Lippold (1970) has found that alpha

rhythms are related to oculo-motor activity. The. possibility

exists that the strain of responding to non-normal stimuli may

be reflected in the strength of the rhythm. As yet research in

this field is very exploratory and no generally supported conclusions
have been.found to justify its immediate application to the use

of magnifiers, although its study under abnormal conditions

of vision may show useful relationships for future applications.
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Fatigue & Visual Performance

The effects described in the previous sections often derive from

- experiments where the actual visual performance of the subjects

under the strain conditions is not measured. ,Af other times the
work output is confused with the fatigue and measured solely as

an index. Very little work exists to link the visual performance
ideas described in Chapter 3 with the work output values used in

the experimental part of this study.

The situation of a peréon operating a machine or driving a vehicle
using information presented via a biYocular magnifier may be
investigated from a Human Factors standpoint. While such an
approach is valuable in determining the conditi;ns for best

performance it is-not sufficient when an understanding is required

as to why performance changes occur.

The purpose of this study is to link visual aberrations with total
visual performance using ocular adjustments as the connection.
Whether these adjustments are normal or abnormal and whether they

help or hinder the visual performance are the pertinent questions.

A conceptual framework is required on which to base a discussion
of possible effects. Unfortunately the descriptive terms used
in fatigue studies often prejudge the issue by their very
meaning and it is difficult to avoid this, However, in addition
to the proposed definitions of Visual Aberrations and Visual
Response contained in the previous chapters the following scheme

is suggested.



Visual Discomfort Sub jective State of Eyes
Visual Discomfort Indicators Lacrimation, Blink Rate, o ~rhythm,etc.

Visual Impairment Changes within sections of the
visual apparatus affecting the
ability to see :- Pointing error,
Blurring, Phoria Shifts, etc.

Visual Impairment Indicators Acuity Tests, CFF, Motor Response
: Times, Near Point Values.

Visual Compliance Alteration of ranges or rest
states of adjustments of visual
apparatus.

Visual Task Performance _ Work output values over periods of
time.

Visual Performance ‘ © Seeing ability of eyes under specific

conditions of discomfort and
impairment.

The use of fhe word impaifment tacitly éssumes,that the changes
produced will be deleterious. If one could'measufe'fhis
quantitatively\the possibility of obtaining a negative value must
be accepted. On the othef hand the term compliance denotes an
improving action. Possibly negative compliance can occur. The

immediate question is whether impairment and compliance are

1ikely‘t6 be the same action in opposite directions.

Although this equivalence may, in subsequent work to this, be
found to be valid, it seems to the writer that the impairment
term may be‘related to the adoption of an incorrect adjustment.'
by the ocular apparatus; while the compliance term relates to
the adoption of a new adjustment compared to those used in
normal vision. Thus, impairment is the difference between the
demands of a situation (such as a biocular magnifier) and the
adopted ocular adjustment while compliance is the difference
between the normal adjustments\used by the eyes and the new

ad justments adopted. In a simple one-dimensional case it may
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be that impairment reduces as compliance increases. However, as
the visual system has a number of adjustments available to it,
the likelihood is that future discussion and debate will require

both concepts.

From the literature reviewed in this chapter it is obviously not
possible to make specific predictions regarding the reactibn of

the visual system to a biocular magnifier. Although the normal
observer can and will make adjustments to obtain the bést vision
possible he may experience visual discomfort if either the adjustments
he makes do not give sufficiently clear vision or if conflicting
stimuli £o adjustment are present. From the other point of view

it is reasonable to predict that subjects experiencing no eye

strain during normal use will not experience ag; with biocular

magnifiers provided their adjustments with the device give

-clear .vision.
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CHAPTER 5

EXPER IMENTAL WORK

Experiment Policy

Before the theoretical study reported in the previoué chapters was
complete,- the experimental approdch‘had to be decided so that
equipment manufacture and in particular, visual task preparation
could be put in hand. The lack of similar previous work was
a.difficulty only to be expected when the first ﬁigh—power biocular
magnifief was reported two weeks after the start of thié study.

The first magnifier of the series made by Pilkington P-E Ltd., with

which the writer has been associated, was built approximately

six months after the start of the stidy.

As .briefly indicafedfin section 1.3 of Chapter 1 a large number of
abgrrations and other criteria can influence the response of an
observer to - a given magnifier. Although the considerations of
Chapters 2 and 3 help to.indicate whicﬁ criteria may be the more
important these were not fully researched at the time when the
experimental policy was being formulated. Their inherent complexity
did suggest that experimental work on real magnifiers might be
difficult to interpret. The alternative course is to simulate

specific aberrations or criteria by the use of separate prisms

or lenses in frontvdf the eyes. Although more standard results

and better guidance from previous work might be expected with this

ocLuy
approach considerably more difficulty would then eeuer in apply-

ing the results to the magnifier case.

It was therefore decided that real magnifiers would be studied

initially in the hope that results from these would demonstrate
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what visual discomfort effects and visual performance values were
to be associated with differing magnifiers or whether differences

between subjects would have a larger masking effect.

With this 1astvconsider;tion in mind it was'recognisied'that the
visual task should not involve vigilance as this is prone to
considerable Variatipn not only between subjects‘but also with
the same subject at different times. ‘Although‘some relation be-
tween the visual comfort ofzxmégnifier and the vigilance of the
user @ight be expected, the initial interest must centre on his
visual response. ‘This rulés out a task based on the '*detection'

concept of Johnson (1958) referred to in Chapter 3 as this is

very sensitive to vigilance. However, 'recognition' requires

some training of the subjects and unless this is comprehensive

“a continuing learning effect may occur during the. timé.each

subject is being used. As different magnifiers must be presented

in a sequence this could lead to a masking effect. The same

situation occurs with an 'identification' task. Thus, the 'orientation'

task was chosen even though this is less common in human factor

. studies.

- Although a simple.static.task could be constructed in which smail
objects appeared in the subject's view through the magnifier,
concerh was felt thaf even well motivated subjects would not be.
able to maintain a steady level of attention for very iong. In

‘fhis hypothetical‘réce between boredom and visual discomfort it
was felt’tﬁat the latter would require at the very least 20
minutes on each magnifier if the work reviewed in Chapter 4 was
any guide. ‘The gearch for an interesting,fask led to a simulation

of the driving task for which many biocular magnifier designs

are intehded. In this the objects appear to approach the subject
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and so become easier to see. The moment at which he can indicate
‘the orientation of the object is therefore related to the apparent
'séatialyfrequency and contrast at that momeht aithough the acéuraCy
~of this is limited by the re&ction time of the subject and his
decision strategy. Whatever the visual task these inaccuracies

'remain when a total subject response is used.

Because such a tagé.simulates a possible use of.thevmagnifiers

it is reasonable to ﬁse these seeing times as'a monitor of visual
tasklberformance. This must not be affected by any measurements
of visual discomfort or visual impairment. Thus, these latter
 aspects must either be measured by tests Qf very short duration
or restricted to 'before and after;'

It was felt initially that the measur ément of any physiological
gffect would need more than two values if any change with time
was to be examined in sufficient detail. If meaéurements were

to be made during the task time of say 20 minutes their duration

must.be very small compared with this. A time of 15 to 20 seconds

is a reasonable guess.

Of the possible visﬁal impéirment monitors reported in previbus
work most would take a longer time than 15 seconds to.obtain

two orﬂtﬁree readings. 'Visual acuity, Zhreshold or critical
flicker frequency are not likely to y%}ld accurate values if
rushed. Oculo-motor respohse times would be suitable bﬁf‘it

is difficult to see -how a subject can transfer from the magnifier
under test to the monitoring equipmenf4in the time allowed for

the méasuremenf. The possibility 6f making such measuremént gié

the magnifier is very attractive but the wide variety of magnifiers

investigated preclﬂded such>an‘approach in this study.
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- Other possible measurements include blink rate, pupil size, heter-
ophoria, ® -miythms and fixation disparities. Although some initial
measurements were done on blink rate it was rejected as a suitable
parameter for this study due to doubts that it was completely
involuntary (Chapter 4). Although {-rhythms were considered and
discuséed the generél concensus of opinion was that results
relatable to optical aberrations were very unlikely. Pupil size

is very prone to extraneous influences and careful adaptation is

required.

As fhe main interest lay in the stress on the triad response

it was decided that a monitor of horizontal heterophoria would

be a suitable test which could be located just below the magnifier.
The:ubjéct fquld drop his. eyes to tﬁis very quickiy and obtain

two or three readin;s in the time available. Being a dissociated
test it would not introduce any fusion contours different from the
magnifier and it could be applied at a viewing distance equal to
the dicptre setting of the magnifiers in the test.

Although fixation disparity is claimed to have a closer connection
with clinical eyestrain, this demands an associated test which
would effectively iﬁterrupt the viewing of the scene through the

- magnifier., Against this must be set the clinical unreliability

of near-point hetrophoria. However, in this case, the interest

is in changes of the rest position with subjects having normal

or corrected vision.

The remaining decision.concerne an indicator of visual discomfort.
Here it was acknowledged that no satisfactory test of visual

fatigue or discomfort is known. For this initial study it was

decided that a series of questions be asked of each subject
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~after their period on each magnifier to ascertain their subjective

state of vision. In later experiements this was augmented by a

Visual Comfort Rating chart (after Gold (1970) ). Subjects were
‘also encouraged to comment on their vision during the trials

but few did this.“

The expe:imehtal equipment thenefo;e comprises a visual task film
and a system for viewing the film via'véridus-magnifiérs, an
electronic timing;systeﬁ on which subjects,can indicate the
orientation of;quects on.the film, and a Maddox wing or similar
test for near heférophoria. The preparation of these is»described
in the following sections of this chaptér, b;ginnitg with the
experimental rig which carried all tEF components to fprm'an
observation station at which the subjects performed the visual

task.
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Observation Stations

During the course of this work two arrangements for supporting the
component parts where utilised. The need is for a stable platform
on which a 16mm film projector may be mounted. This must project

a suitable image for the magnifier being studied. The aibject must

have a location from which to use the magnifier while sitting

comfortably}' A method by which the squect indicates the orient-
ations of thé objects that he sees must be conveniently available
to him as must the test for muscular balance. As subjects will

be used on different magnifiers it muét be possible to altér the

syétem relatively easily to accommodate the new magnifier; Thus,

a block diagram of the systems is a§,given'in Fig.21.

Obuvously such a syStem depends on the range magnifiers chosen

for investigation and the space requirements of the modules needed

to give the magnifiérs a suitable image. The decision to investigate

real magnifiers was based on the need to come to grips with the
general problém as early as possible: However, this was coupled
with a fear that 'noise' on the results caused by'subject
differences, unstable motivation, etc. would mask small differences
between magnifiers and therefore, as a first experiment, magnifiers
with as widely differing propertiés as possible should be in-

vestigated.

The basic high-power magnifier developed at Pilkington P-E Ltd.,

has been described in Chapter 2. It provides a 50° field of view

.from a 40mm format by virtue of a focal length of 43mms. At its

dioptre ‘setting of -2.5D it has a power of x5+6 approximately.

Obviously, a similar field of view could be provided by a low-
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power magnifier looking at a larger format. Furthermoze, a unity-
powered magnifier could be defined for this dioptre setting by
looking at a format of sufficient size 50cms from the eye :

through a piece of plano glass. This 'magnifier' together with

the others is described in section 6 of this chapter.

With these considerations in mind and also the need for a portable
system if subjects from other locations were to be used a simple

system was constructed according to the drawings of Fig.22.

A simple two-part construction was adopted to form the base for

the experimental arrangement. This comprised a 'half—cﬁbicle'

in which a subject.éouid éit.and frgT which hung a black cloth
behind the'subjeét so that no stray reflections would distract him.
'This cubicle could be hung on the end of asfélt backed base which
would be supported on an ordinary office desk or table. This base
carried four one metre obtical benches of t:iéﬂgular section, so
that equipment could be located and replaced with a‘fair degree

of precision.

It was decidéd that precision sufficient to ensure éxact registration
and focus on relocation of each magnifiér arrangement would only be
obtained at great expense. The initial means of overcoming this
assumed that the light'path carrying the visual task information to
the screeﬁ in front of a specific magnifier could at somevpoint be
collimated. This would then form the junction between the fixed
projection part of the system and the replaceable magnifier modules.
A degree of inacqufacy in location would then not have a major effect
on the quality and location of the image seeh via the magnifiers.

This approach was not possible with the full-size system as the
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pfojection lens. needed to be of wide-field if a reasonably compact
station was to be obtained. No pair of lenses were commercially'

g available to‘give.this.

An alternativeiapptoach‘was adopted indthat .a‘ lower precision ‘
-system was: ut111sed w1th f1n1te conJugate beams and a regastratlon
vvfllm was’ prepared Wthh allowed fxne adgustments to be made
relatlvely ea511y. The extra t1me for settlng up follow1ng a re-

.: arrangement of magnlfzers was accepted as a necessary ev1l

dlhe oppoftunity‘was taken when des1gn1ng‘the reglstratlon fxlm to
1nc1ude frames from a standard photographlc test chart - F1g 23.

bi Thls allowed the system to be adJusted for 1atera1 posxtaon and for
irlongltud1nal focus.- It also allowed the overall resolutlon 1xm1ts

of each system to be monitored, although‘thls function was not as

o precise as desirable. However,‘it did show up'theimajof*differences

nelatlvely‘small=values. ‘The effects of any re51dua1 d1fferences

J-a:e considered.infSection 6 of thls_chapter; N

The use of 16mm f11m for the v;sual task 1s dlctated by the need to
obta1n reallsm and malntaln the 1nterest of the subJect as dlscussed
‘earller.. ThlS means a 16mm f11m progector must be bu11t into the
varrangement. In the flrst 1nstance an old R c. A. prOJector was
._obtalned and~early ‘trials on thls‘showed up problems of v1ew1ngv-
fllm‘at 50 - the f1e1d of view of most magn1f1ers. It should be
:remembefed that mostf16mm f11m‘1s v1ewed at a subtended angle of _
’ ‘about 25° at the most - that is a 6 foot screen at 12/15 feet., A"

'telev151on set 1s commonly V1ewed at a subtended angle of 10 - 15 .
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ff‘When v1ewed at 50 subtended angle, that is 6 feet away from a. 6 footvk
f;iscreen, any 1nstab111ty in the prOJectxon becomes overpowerrng. plnra
‘%’search for fatlgue dlfferences between magnrfzers it is essential

hi that the progectzon of the task does not conceal these. Thus f11m
e thter and f11cker must be reduced as, much as possible. It was B
' found that no commerc1a11y avallable prOJectlon has more than a three—.

bladed shutter, whlle techn1ca1 f11m analysers are generally 11m1ted to

16 frames perrsecond;

i'It was found that a 1arge part of the progectlon Jltter of 16mm R
Tf11m arlses from the locatlon accuracy of the Sprocket holes in the
’frlm stock rather,than 1n'the'pr03ector. ThlS is 1arge1y due to the

fﬂ.photographlc system wh1ch utzllses one stock for the camera (the

B negatlve) and another for the prOJect1on (the pr1nt).; The possxblllty

e

‘x"

of reversal f11m belng used is unreallstlc when fllm wear dlctates a
number of prlnts;to cover the‘magnrf;ezs of 1nterestvw1th sufflclent‘_

subjects.ﬂ

A'further-requlrement:of~theﬂprojeCtor was‘that itfshouldlbe.selfel
_Fmread1ng as the optlcal arrangement requrred supports and hardware

Very close to the prOJector.bns Wthh precluded the Openlng of the

gate. A Bell &. Howell prOJector was flnally chosen.,

.wrth thls’projector a solutlon’to the short-throw progectlon problembfor
o the unlty magnlfler was ava1lable.b A 4 efl 50 lens 1ncorporat1ng
a 90° bend was obtalnable and thls was purchased. U51ng thls the |

20" format was f1lled at maxlmum brlghtness as the 1ens had an aperture p
';of F/l 4. The much smaller format of the other magnlflers (40mm & :

87mm) precluded thlS lens be1ng used as the conJugates requlred‘for'
"thls 1mage 51ze‘were well out51de 1ts range for good def1n1t10n.nt
fg A further 2" efl progectlon 1ens was used for thlS. Although thlS v
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"FIG 24 OBSERVATION STATION ONE WITH STOG MODULE
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7'cou1d 1ntroduce spurlous d1fferences between magn1f1ers, precautions

1

|

|

! o

! were taken as descrlbed in Sectzon 6 of this Chapter.

2 . Thus), "the overall experimental system_is as shown in Figs. 24,25 & 26,

‘ B

| o The llght baffllng has been removed for clarrty in these plctures.

! .

i The prOJector 1s carrred on two Optrcal ‘benches and can slrde to

!

‘_pre-determrned-locatlons for'grven'magnlfrers. Magn1f1er modules

" can be located so. that the actual magnrfrer protrudes 1nto the

[ - subJect's area and can be used by hrm.. The proursron ‘of the
subJect's controls and trlggerlng,system is considered in Sectionv

E’ ‘ 4 of thls chapter.' The Subject's area was'not made tOtally'light

| . ,proof but the areaobehlnd the subJect was draped w1th a black

curtaln so that no-. dlstractlng reflections .from the magnifier

lenses would'occur. An adjustable offrce armchair was used by

the subjects who ranged from 5%'4" to 6'7".

ThlS statlon was used for EXPTS 1 2 & 3. A modified station was
. bullt for subsequent exper1ments w1th a hrgher platform than that
~ obtained from (Drdlnary off1ce tables. “This statlon allowed . better
‘control of the amblent llght 1evel around the subJect, which was
still not completely dark but ma1nta1ned constant throughout each
trlal. The de51gn was much 51mp11f1ed by the use of only one type
lof!magnrfler. ‘Thus,‘the progeotor,only-needed to bepmoved for
'.cleaning.v Wrthtthe1hiéhest¥powered~maénifiér‘the projection lens
- may be well’Stopped down whlletsttll,prouiding more~than'sufficient
| light into theiédmmtimage format. Theiohterhparts of»the lens were
then.available‘to drlve the triggeringésystem and also:provide a

monltorlng 1mage wh1ch had a more cntlcal focuss1ng requ1rement

which is- assessed in Chapter 6, sectron 5L V1ews of th1s system
. are glven 1n F1g 27 with curtaln & masklng nemoved as is the brow

’pad for centerlng the eyes.

3
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FIG 27 OBSERVATION STATION TWO WITH SLAB MODULE
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ﬁJVisuai TaskvPreparation

““; Progress ‘on v1sual task f11ms was very slow to begln w1th Contrary

'f_to expectatlons, the fllms taken from mOV1ng road vehlcles were
‘17subJect to far too much vert1ca1 motlon, so that the sighting of

hobJects was very diff1cu1t and became very varxable. In this study

the visual task is not 1ntended to tax the subject to ‘any great extent.

A task demandlng a very hlgh level of concentratlon from the subJects

- will show large varlatlons between them and'wath the same subject
. at differemt.times.‘ The purpose of th1s study is to dlscover whether.
,t.subJects‘see cleariy.and comfortably when using these magn1f1ers.
x%iAny task,demandlng_concentrat;on on the‘sub;ect's part to follow film

* motion due to"thevshspension of 'the road vehicles carrying the camera

is,likely'to show up only large differences between magnifiers.

A series of films were taken from a var1ety of road vehicles ranging

vs.from a M1n1 w1th soft tyres to a Ford Executlve.» W1th all these a

ert1cal motlon of 3 to 5 was.evident and rendered the films

‘ unacceptable.'»The'SOv field‘of view was too wide for any available

- optical means of image stabilisation. Other mechanical means were

considered but it was felt. that at'thélshorter'rahges the vertical

X

motion was-cohtributingljust as much to the image motion as the

angularrmotion‘on the. suspensionfor which these deviees.wouid

compensate alone.

‘ During:these_trials'various ohjeet;types and size had been used. It
was found'thatvobjects‘of’total dimension 1less than ZOCm'were not
-seen veryioften, even when“filmedhunder high contrast conditions.

‘Initially crosSes and squares were used>for'objects'and subjects were

1nstructed to press the approprlate button when they could recognlse

wahzch type of obJect was approachlng them. However, a number of
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*~.peop1e found dlffaculty in. rememberlng wh1ch button applled to wh1ch
obJect. For other fllms vertlcal and horlzontal bars had been used
_and a s1mple Joystzck arrangement was used so that subJects could
”‘move the knob downwards for vertlcal bars and across for horlzontal
fbars; Because of the success of th;s the obJects for the f1na1 .

series of f11ms were glven thls format.»

’The‘wr1ter is 1ndebted to Dr B. Wheeler of the Slgnals Research

*d& Development Establlshment for the suggestlon that a canal barge
-Lbe used as the mobale camera platform. In1t1a1 trial f11ms showed
‘“thls to glve very good 1mage stablllty.‘ The stretch of canal B
’hchosen for the main. f11m1ng was . satuated in Cheshlre, and suffered

> only'from belng'somewhat‘w1de. Tr1als in: overcast dayllght had

bs 1nd1cated that 50cm obJects would not be too large, and 50 about

s 30 of these were made and attached to posts of various: lengths.

feA 36 foot narrow boat was hxred and measurements 1nd1cated that the
“boat's speed at throttle was 2 75 miles per hour.‘ A f11m1ng speed of
4 fipes.- was chosen S0 that the apparent motlon to the subJect

gl‘v1ew1ng the fllm at 25 f p s. would be: equlvalent to about 17 m D h
oiThe camera was’ mounted in ‘the prow of the boat. stng-ordnance~

. survey,maps atl6;1nches to one mlle,.the 1ocat10ns’andhform'of'objects

‘:,Werevdetermined uslng-random>numberetables{ ‘Becauseeof‘llmitatlons

2 ln the timing‘system:dt was:neceSSary to'modifyAtheseton‘a-small:

number of occass1ons “as two 51m11ar obJects very close togetherd

n_could not be dlfferentlated.‘ | | :

”u,A total of 16‘usableffilms were.obtained~aﬁd‘a‘sequence ofrframes

E hfat‘one second proJectlon 1ntervals 1s shownlln Flg. 28A & 28B F‘Maps_

o of obJect type and locatron for fllm nos 2 and 14 are shown 1an1g._

;‘29A and P1g 29B. ;_f»j
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" The speedvof the filming boat was slightly different in each direction
due to the slight current, but calculations on a’nuﬁber of_fi1ms showed

: that an effective speed of between'16 and 17 mph was obtained.

'Ihe.fiiming runs wé;e carried»éut'ovér four separatesét:etches of canal
~with fwobruns in each direction.; Each run took nearly ;CO ft. of film
which provides 24 mins. of projection tihe; Bétweénkeight‘aﬁd-eléven
objects wére used on the Canél, but'oniy eightvof theéé are actually

monitored by the timing system of the experiment.

The 16 x 100 ft.‘films were spiiCed:dé into two 800 ft. films;

’.'having fouf séctions of 200 ft. Thus, each seétion co@p:ises five

" ‘minutes of visua1 task timé'having,sineen objecfs. E&ﬁal numbers;
~overall, of vertical and‘horizontal objects were used énﬁ équal |

'nﬁmbers wefe*placed:on the' left and right hand banks of the cana;.
The total visualktésk_library is shown.in the chart where V & H
speciferertical and Horizontal while L & R indicate Léft and Right

‘Hand Banks of the canal. (Fig.30)

In order to use these films aS»heasurable'visual tasks;fan?indiéation
- of tﬁé type of location of objects igvrequired to be passed to thé_
"meASdring”equipmeht so thgt_the subjécf's responsé can. be heaéuﬁed
, -against it. Fof'this the extra size of the film formaf:was utilised.
‘Theb30°'énd 50° required for the magnifiers used 6mm b& lemh»of the
7.5mm by 10mm format of the film. On the negafives'thé ektra'l.Smm

.was clear.

A marking up system WasfadOpfed in which the frame located 10 secs
previous (250 frames) to thellast frame carrying the object; was

Marked with indian ink in this clear area. For horizontal objects
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FIG. 30 BASIC VISUAL TASK STOCK

( X indicates object not used)

Film 1
Section 1 (Made on Stretch 1 travelling West and Stretch 1 travelling East)

Hy Vg Hy Hp Vg Hp, Vp, Vg Hy, ¢ Hy Hy Hp Ve Hy Vi, Vg B Vg

X
Section 2 (Made on Stretch 2 travelling East and Stretch 2 travelling West)
Hp Vi, Vg By Vg By, Vg Hp ¢ Hy Vg Hy Vg H Vi Hp B vy
‘ v ‘ o X '
Section" 3 (Made on Stretch 3 travelling West and Stretch 3 -travélling East)

Hp Vq, V, Vg Vg Hy Vg Vi, Hg ¢V, Hp Hy Vg Hy Hp By Vg Vg By Yy
X o X X X

Section 4 (Made on Stretch 4 travelling West and Stretch 4 travelling East)

Hy Vg Hy H H vV, Hy Vo Hp Vp o Hp Hp Vi Hp Vg Hp Vi Ve Vi Hp, Vi
X . X X X X

Film 2

Section 1 (Made on Stretch 1 travelling East and Stretch 2 travellihg East)

R L 'L"L R"L L L R L R L R 'L

H V., H H V. H H "Hp Vp H ¢ Hp H VoV, V }LRVkH vV, H
X X B X

Section 2 (Made on Stretch 3 travelling East and Stretch 4 travelling East)

Hy vy Vg Hp Vy Hy Vg Hp Hy ¢ Vg Hy Vp Hp Vp Ve Vi Hp Vo

X o X

Section 3 (Made on Stretch 4 travélling West and Stretch 3 tr.é.velling West)
HR VRHRHLHLVR,HL VR HL,: VR VLHLVRHRVR HLHRVR HL
- - X X , X

Section 4 (Made on Stretch 2 travelling West and Stretch 1 travelling West)
v V-VHVHRHLVRVL.: VRHVV vV, H. V_ V

L 'R 'LL 'L L VL VR VR B VR VR RV,
X X X




FIG. 31 LOCATION OF TRIGGERING FLASHES

Flash at 1 for Vertical Objects

Flash at 2 for Horizontal Objects
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two marks were 16¢ated at the edges of the area. For vertical

objects a single mark was placed in the centre. (Fig.31). When

‘printed these marks produced transpafent areas on particular frames

in a region which otherwise was da:k; The data system made use

of the light flashes which occur on projection and the design of

the magnifier modules precluded the aibject from seeing them.

. During the ten .seconds the objects grow larger as they are approached.
~ The chosen object size of 50 cm by 50 cm'having two black stripes
. 10 cm wide gives a 2-bar object of five line pairs per metre or 1/200

Tflp/mm. This increases in size non—linéa;ly with time but the

reso;ution‘critéria is linear with time as shown in the chart, Fig.

32 which assumes an apparent boat speed of- 7.5 metres pe:'second.
. The resolution criteria is given in line pairs per mRad., while the

dotted line indicates the slight différence_generated by objects

being on the banks of the canal and not directly in the path of the

" boat.

Wﬁen fﬁevactua;vpafh of the objects is traced on.the format of the
film (Fig;33) the limited use of the field of view is demonstrated.
Two attitudes may.be‘taken_to,this festricted cova:agefofvthe’field.
It may be argued that the tésk represents a simple driving opération
along a track when. the majority of visuél cue‘s are locatedina -
narrow horizohtal baﬁd. This is inherehtly recognised in the choice
of'SOobhorizontal b9f300_vertical as the field for drivihg devices.
The counter argument maintains that in other conditions all parts of
bf the field become important. HowéVer, a restriction to a "ribbon"
field does allow a less intractable assessment of the interaction‘

between the peiformancé curves of the magnifier 'and the horizontal

horopter of the eyes. The charts (Fig.33)vshbw that the loci of
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' FIG.32  OBJECT SIZE AND FREQUENCY VALUE)

Total Size of

_ Ob ject (mRads)
1p/mRad 150
0.4 40
0.3 <j'3b
‘O.Z‘ ] ZQ
0.1} - 10

) 12 3 4 5 6 7 8 9 10  seconds after
‘ ' : : . trigger.

ss+e+e« yariation due to object being off-set on bank of canal
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' FIG.33 LOCI. OF OBJECTS ON FILM

Numbers indicate objects for film 1 section 3-

Horizontal broken lines indicate * 5° vertical
field

Curved dotted lines indicate limits of binocular
field.
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the objects used in the visual task £film are generally“;ithin the
,centrai 100 of thé fieid of view. The camera was aligned with the
horizontal, But thé use of only the 10Wéf 6mm of the 7.5mm available
format on'16mm-film gives an effectivé doﬁnwards tilt of nearly 4°.
As mostvobjects‘arevbélow fhe horizbntal’lineof’sighf they traverse

0

the central 10°.

It is'importaht tO'rgmembe: that the inténtion of'the visual task
'films is not to-méasﬁre the‘vigilaﬁcé of subjects using them. This
V‘factor varies considerably;with‘motivation and training of the

. subject, and when the purpﬁserlies'in differentiating between
magnifiers the inclusion of other variables 6nly édds noise to an
_already noiéy situation. Obviously, q}fferences'between subjects
vare important, but when visual fatigue and performance are being
feéted it is preferable to present a relatively straight—forward
‘but interesting task. Thus,'the objects can normally be detected
’befére their markings can be resolved while the apparent forward
motion of the observer commands his attention. Few sub jects

admitted boredom even after the fourth 20 minute viewing session.
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Electronic Triggering and Experimental Design

The eléctronic timing system is a simple arrangement;to pfovide a
consistent indicatﬁqn.éf the location of each object at the moment
when the subject indicates what ofientation.it is. As described in
the previous sect;on 1ight‘f1asheé afe obtainable from one of the
two locations abofevthe reduced viewing area of the film format.

Two photo-diodes can be . placed in these locations and when one of

them receives a flash it connects its own counter to a master clock

. giving 100 pulses:per second. :These counters are stopped either by

" the correct a¢tion by the subjecf or when they reach 9.00 seconds.

- The subject's action involves thé movement of joystick switch by

their right hand. A downward movement of the stick stops the .counter

' for vertical bar targets whiie a horizontal movement stops the

counter for horizontal bar targets. The action with the Jjoystick
is indicated by lamps fb,the experimenfer. When the action is correct
or when the counters reach 9.00 seconds the count is indicated on a

digital display and recorded by a printer.

The block diagram (Fig.34) shows the general layout. The optical

sensdr approach'hdé‘préved sufficiently reliable although some
probleﬁs wefe found with the large screen display due to’insufficient
illumination §f the photo-diodes. With ; projection speed of 25
frames pef second the.accuracy of 0.01 secs is spurious as, although
each frame is projeéted three times by'the three?biaded shutter, the

object still approaches the subject in a series of 0.04 second jerks.

With such a.wvisual task as. has been chbsen, each objecf is unique in

its location, backgrdund, and conspicuity. Although some averaging of
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FIG.34 TIMING SYSTEM & DATA RECORDING

OPTICAL ' OPTICAL
SENSOR ~ SENSOR
1 i . 2

DRIVER CIRCUIT'

T . ”

"INPUT PROCESSOR

—— L
. |start  start|
start 1| |1 —— 2 | - |start 2
Inhibit , CLOCK Inhibit
(XTAL)
COUNTER : - COUNTER
1 [sTop 1 stop 2| 2
, ] suBJECT'Y - [
y ‘ CONTROL
- B . : RESET
‘ COUNTER -
. END OF |- 2
9
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DISPLAY ‘ DISPLAY
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these effects may be expected when 16 such objects are viewed over a
five minute period it is obviously invalid to compare viewing times

of different parts of the visual task films.

In the design of‘experiments where extraneoﬁs inf luences on .the
resulls cannot 511 be eliminated, the usual recourse is to arrange
these’ likely sources of érr¢r in such a way tﬁét each will
contribute equally to the specific areas under investigation. In
-this work these sourcés of_érror comprise the differences between
subjects, the differences between fii;é, the differences between a
subjéct's-first trial #hdvsubsequent trials; There may élso be an

interaction between a magnifier or film and the one preceding it.

With four magnifiers the order of Vie;ing can be arranged in 24 ways.
waever, all thesé are not necessary as the performance of a subject
with a‘given magnifier cannot be affected by the particular

magnifier that follows it, nor can the effect be large of the
particulér magnifier more than one trial in front of it. If such a
distinction is accepted, it is possible to devise a 4 x 4 array of
magnifiers showing their orider of viewing_fér four subjects such

that each magnifier occupies a given position once only, and in which

no magnifier follows a given magnifier more than once.

The array is:-

1st Trial 2nd Trial 3rd "rial 4th Trial

1st Subject 1 2 3 4
2nd Subject 2 4 1 3
3rd Subject 3 1 4 2

4 3 2 1

4th Subject

(Array 1)
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The next consideration involves the visual task material. Of the

4 20 minute visual tasks available, no given'object has any

particﬁlar relationship with any other, so each must be presented

through'each magnifier, Although it is possible to do this with

the array given, it is not possible to locate each task into each -

trial once only.

The following arrangement shows the magnifier (first digit) and

task (second digit) arranged :so that each magnifier uses each task

.once.

1st Subject
2nd Subject

3rd Subject .

4th Sub ject

15t Trial 2nd Trial 3rd Trial 4th Trial

1.1
2.2
3.3
4.4

2‘.4

4.1
1.4
3.1

3.2
1.3
4.2
2.3

(Ar

4.3
3.4
2.1
1.2

ray 2)

If edght subjects are used, the use of tasks over the trials may be

balanced in the following way, which uses the same layout:-

Subject'

This arrangement was used twice on the first experiment of 16 subjects
(Nos.1 to 17 with No.6 excluded). An alternative 16 subjects array

is as follows where each task is used with each magnifier. The first

1

2
3.

‘o N o W

rlst

1.1

2.2

3.3

4.4

1.3

2.4
3.1
4.2

2nd
2.4
4.1

1.4

3.1

2.2

4.3

1.2

3.3

3rd
3.2
1.3‘"

- 4.2

2.3

*

(Array 3)

ath Trial
4.3

3.4

2.1

1.2




147

half of this array was used for subjects 26 to 33.

1st- 2nd  3rd  4th Trial

Subject 1 1.1, 2.4 3.2 4.3
- 2 2.2 4.1 1.3 3.4
3 3.3 1.4 4.2 2.1
4 4.4 3.1 2.3 1.2
.5 1.2 23 3.1 4.4
6 2.1 4.2 1.4 3.3
7 1.3 4.1 2.2 ' !
8 4.3 3.2 2.4 1.1 ’ |
9 1.3 2.2 3.4 4.1 |
10.° 2.4 4.3 1.1 3.2 1
11 3.1. . 1.2 . 4.4 2.3
12 4.2 303 . 2.1 1.4
13 1.4 3.1 3.3 4.2°
14° 2.3 4.4 1.2 3.1
15 3.2 1.1 4.3 2.4 !
16 4.1 3.4 2.2 1.3
" (Array 4)

Once again_the lackvof any relationship-between one visual task

ObJéCt and another doésfnot allow the pérfbrmance of a subject

At the beginning of a trial to be compared with that at the end of a
trial. To facilitate'this; each 20 minute task was divided into four
sections of 5 minutes duration each. This meant that different

subjects could view these sections in different orders. Again the

ordering of four sections allows 24 possible sequences, but only

four of these is needed to satisfy the condition that each section
should appear in each location only onég and follow another given
section once only. The saﬁe'arfangements are chosen as’with subjects
and‘magnifiers. The following array shdwskthe seétionhé

arrangements were coded.
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1st Sec.Seen - 2nd Sec.Seen 3rd Seb.Seen 4th Sec.Seen

Code 1 1 | 2 3 4
Code 2 2 4 1 3
Code 3 3 o1 4 2
Code 4 P s 2 1

‘(Array 5)

Thus, the visual tasks uéed,for the 16vsubjé¢t investigafién were in
Code 1 afrangement forvthévfirst four subjeéts, Code 2 for the next
‘foﬁr, Code 3 for the third four and4Codeu4 for the last four. The
sub jects need hot be used in the stfict ofdgr of the array and the
subject numbers show fhevacfuai désignations given to them in order
of their recruitment. Subject 6 was inadvertently given an in—‘
correct arréhgement éo thét ﬁis reéults were withdrawn. The sixteen
;subjects comprise é‘male and,8‘female. The three figures'under
each friai/éubjecf 1océtion indicéfe'Md@nifiet,Task,Code.(
Clst za a4 st 2nd 3xd 4th Trial
Sub ject 3F 1.1.1 2.4.1 3.2.1 4;5:1 12M ‘1.1.3 2.4.3 3.2.3 4.3.3
M 2.2.1 4.1.1 1.3.1 3.4.1 11F 2.2.3 4.1.3 1.3.3‘ 3.4.3
4F 3.3.1 1.4.1 4,2.1 2.1.1 10M '3.3.3 1.4.3 4f2.4 2.1.3

2M  4.4.1. 3.1.1 2.3.1 1.2.1 13F 4.4.3 3.1.3 2.3.3 1.2.3

8M  1.3.2 2.2.2 3.4.2 4.1.2 15F 1.3.4 2.2.4 3.4.4 4.1.4
5F  2.4.2 4.3.2  1.1.2  3.2.2  14M 2.4.4 4.3.4 1.1.4 3.2.4
oM  3.1.2  1.2.2  4.4.2 2.3.2  16F 3.1.4 1.2.4 4.4.4 2.3.4

7F 4.2.2  3.3.2  2.1.2  1.4.2 1M 4.2.4 3.3.4 2.1.4 1.4.4

(Array 6)

At the time of running this experiment it was felt that the
equivalence of the two halves of the array would ease the computation,
although in retrospect the more balanced arrangement of Array.4

would,have been better.
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As explained in section 5.3.’the fouf Qisual taskslin these arrays are
obtéined frém 16 by 100ft. films. Bach film last 2.5 minutes so that
each 5 minute>section of fhe task comprises 2 films. Thus, for four
tasks of four sections each, a total of 32 films would be required.
_Thé sixteen films were stretched to this by also showing'them
laterally reversed in the projéctor. Thus task 3 is task 1 in reverse
while task.4 is task 2 invreverse. In the analysis of the results
from the first 16 subjects it.was found that no significant difference

could be detected between the straight and reversed films.

This result means that the four codes can be covered in a balanced
array using 8 subjects only'as shown .below. In this array the figures
indicating Magnifier, Task and Code are followed by a further figure

" indicating the number. of the tridl.

1st 2nd 3rd 4th Trial

Subject 1 (26) 1.1.1.1 2.4.4.2 3.2.1.3 4.3.4.4

2 (29) 2.2.1.1 4.1.1.2 1.3.4.3. 3.4.4.4
3 @ 3.3.4.1 1.4.4.2 4.2.1.3 2.1.1.4
4 (28)  4.4.4.1 3.1.1.2 2.3.4.3 1.2.1.4
5 (30) 1.2.3.1 2.3.2.2  3.1.3.3. 4.4.2.4
6 (33) 2.1.3.1 4.2.3.2 1.4.2.3 3.3.2.4
7 (31)  3.4.2.1 1.3.2.2 4.1.3.3 2.2.3.4

8 (32) 4.3.2.1 3.2.3.2  2.4.2.3 -1.1.3.4

"1st 2nd 3rd . 4th
TOTALS = 20.20.20.8 20.20.20.16. 20.20.20.24 20.20.20.32

(Array 7)
The bracketed subject figures give the actual subjects used in an
8-subject trial. When the columns are summed it is seen that the

‘mean of results obtained in these locations show differences only
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due to the number of the trial each sub ject performed; If these

locations aré're-arranged, then the differences due to magnifiers

can be obtained in the same way.

Subject: 1
2

3

1
1.1.1.1

1.3.4.3

‘104.4.2

1.2.1.4

162_.'3.1

1.4.2.3

1.3.2.2

1.1.3.4

2 3 4

‘204.4.26 3.,2.1.3 ‘ 40304.4
2.2.1.1 3.4.4.4 4.1.1.2

2'1-1.4 ; 3.30401' 4.201.3

'203.4.’3 3-1-1.2 -4.4.4.1

2.3.2.2‘ 3‘1.3.3 4‘4.2.4
2.1.3.1 3.3.2.4 4.2.3.2
2.2.3.4  3.4.2,1 4.1.3.3

2.4.2.3 3.2.3.2 4.3.2.1

Magnifiér

1

~ TOTALS: 8.20.20.20

2 3

-4
32.20.20.20.

Thus the totals xelate differences due to magnifier only.

For_shorter experiments a four-subject array was devised as below:-

Subject -
1

2
3

4 .

TOTALS  20.20.20.4  20,20.20.8  20.20.20.12 20.20.20.16

In fact codes designated for tasks 1 & 3 are independent of those for

tasks 2 & 4 as these use different films. Although the arrangement in

Q

array ¥ is not entirely balanced the lack of any bias between the

same task projeCtéd laterally feverséd»means that the use of only [

C1st.
1.1.1.1

2.2.3.1

3.3.2.1

4,4.4.1

16.20.20.20  24.20.20.20.

2nd ... 3cd
2.4.4.2 . 3.2.3.3
‘4;1{1.2 1.3.2.3
1.4.2.2 4.2.1.3
3.1.3.2 2.3.4.3

*(Array 8)

4th
4-3.404 ’ Trial

3.4.2.4
2.1.3.4

1.2.1.4

(Arfay_,9)
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tasks 1 & 4 in the 2nd trial is allowable. The limitations of an
experiment involving only four subjects are likely to be due to the
variations between subjects being very much larger than the looked

for effect.

Previous to the recognition tﬁat insigﬂificant bias was
»vattributable to the film reversal, a fou&_éubject run was carried
~out on the array éiveh below. This iS ndt balgnced as some

- difficulty was expe;ienced af the time in.obtaining sub jects

between task code changes which involve cutting and resplicing

the films. 1st 2nd . 34 4th  Trial
Subject 1 (22) 1.2.1.1 2.1.2.2 13.4.3.3 4.3.4.4
| 2 (23) . 2.3.1.1 4.4,1.2  3.2.4.3 1.1.4.4
3 (24) ,3.;.1@1'  © 4,2.2.2  1.3.3.3 2.4.4.4
4 (25) 3.3.2.1 1.4.2.2 7 4.1.3.3  2.2.3.4
. (Arr.ay 10)

Results‘from this run.wili-be discussed later, but the 5% significancé
level was of the order of one second wh;ch is considerably larger than
the looked;fof‘effecfs. bThué, the eight subject array number 7

was used for subjects 26 to 32. As is discussed in the following
Chabte; these subjécts gave results which suggested a relationship

‘ béfween subjeqt'svumuscular imbalance ahdvperformance on magnifiers
having various prismafic errors (paralléx). In order tQ’inVestigate
this further it was decided that a fufther eight subjects should be
used so that the grand total of sixteen subjects would fall into
four general categories of esophorig or exophoria. Within each
category the four subjects would have different viewing orders

iso that the results averaged across each four would not be affected

by the order of viewing.
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As this effect had not been foreseen when the original eight subjects
were used. it was found that the chance érrangement of their muscular
imbalances would not allow the 4 by 4 arrangement in all categories.
It was therefore necessary to delete subjects 30 & 33 and replace with
subjects 53 & 54 who viewed the magnifiers in a different order. (A
further new subject was required as an equipment failure occurred
during the trial with subject 31. ,Subject 44 replaced 31).
With this in mind the following 16 subject arrangem.ent was planned

Trial

(Magnifier, Task, Code, Eeeation).

ist 2nd 3rd 4th  Trial
Subject 1 (45) . 1.3.3.1 2.2.4.2 3.4.3.3 4.1.4.4
24eSo : C .
2.(54) - . 2.1.3.1. 4.2.3,2 . 1.4.2.3 3.3.2.4 (33)
to ’
laexo 3 (44) 3.4.2.1 1.3.2,2  +4.1.3.3 2.2.3.4  (31)
} 4 (46) 4.2.2.1 3.3.1.2 2.1.2,3 . 114.1.4
5 (26) 1.1.1.1  2.4.4.2 3.2.1,3 4.3.4.4
laexo . .
to 6 (48) 2.3.1.1 4.4.1.2 1.2.2.3 3.1.2.4
daexo 7 (47) 3.2.4.1 1.1.4.2 4.3.3.3 2.4.3.4
8 (28) " 4.4.4.1 3.1.1.2 72.3.4;3 1.2.1.4
9 (50) 1.4.1.1 2.1.2.2 3.3.1.3 4.2.2.4
4Aex0 . ”
to 10 (49) - 2.4.3.1 4.3.3.2 1.1.4.3 3.2.4.4
7aexo 11 (27) 3.3.4.1 1.4.4.2 4.2.1.3 2.1.1.4
12 (32) 4,3,2.1 3.2.3.2 2.4.2.3 1.1.3.4
13 (53) 1.2.3.1 2.3.2.2 3.1.3.3 4.4.2.4  (30)
TAexo : .
to 14 (29) 2.2.1.1 4.1.1.2 1.3.4.3 3.4.4.4
104 exols 1) 3.1.2.1 1.2.2.2 " 4.4.1.3 2.3.1.4

16 (52) 4.1.4,1 3.4.3.2  2.2.4.3  1.3.3.4

(Array 11
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The above arrangements allow mean performance values obtained across

A
-
|

all subjects to be descriptive of each magnifier and to‘some extenf of
each 5 minutes on éach magnifier. ‘Although results were obtained for
all these subjects, it was necessary to use new prints of the visual
task films from subject 44 onwards. On initial examination of the
performance of subjects 53 and 54 (done with subject 44 before the last
eight) a Bias was found due to poor film printing. Further printings
were then obtained for use on subjects 45 to 52. These gave no
significant bias when compared to subjects 26 to 33 but it was then

necessary to use subjects 30, 31 and 33 rather than their replacements.

When theresults were examined it was’found that a second interaction
betwéen a subject parameter and a visual aberration of the magnifier'
was bresent. This céncerned.the inter-pupilliary distance (P.D.) of
the subjects. This-effecf was larger than the expected phoria effect
and tended to cancel it. It was found that statiaticaliy significant
results could only be obtained by dividing the subjects inté two groups
of eight rather thanbfour groups of four. Thus, the array 11 ,
although part offthe experimental plan is not used in the analysis of

results.

In the following chapter (Fig 52 page 213) the values of the subjects’
P.D. and base phoria at 50 cms is laid out in a 4 x 4 square so that

division in left and right-handed sections gives a difference in mean

P.D. while division into upper and lower sections gives a difference T

in mean phoria. These groupings of subjects are thus:—

46 45 30 31 46 45 30 31

26 48 |47 28 26 48 47 2g Mean phoria = lhexo
27 32 |50 g .
4 27 32 30 ° mean phoria = 6Aexo
51 33 129 52 517 33 29 52
mean P.D. = mean P.D. =

62.2mm 65 ,6mm
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The totals of the Magnifier, Task, Code and Trial designations of

array 11, obtained for these subject groups are as below; by trial

order and magnifier order.

1st 2nd 3rd 4th Trial
62.2mm 20.17.18.8 20.23.27.16 20.23.14.24  20.17.18.32
65 .6mm 20.23.22.8 20.17.18.16 20.17.26.24 20.23.22.32
laexo 19.21.20.8 18.21.19.16 22.17.21.24 21.21.20.32
64aexo 21.19.20.8 22.19,21.16 18.23.19.24 19.19.20.32
1st 2nd 3rd 4th Magnifiéer
62.2mm -8.21.,18.20 16,19.18.20 24.19.18.20 32.21.18.20
65.6mm 8.,19.22,20 16,21,22.20 24,21.22.20 32.19.22.20
laexo 8.19.17.18 16.22,23.21 24.18.17.19 32.23.23.22
6aexo 8.22.23.22 16.18.17.19 24.21.23.21 32.18.17.18

It is seen thaf the balance is ho longer perfect. Although a
balanced order of viewiﬁg against magnig;e: order is maintained

for the P.D. groupé it is not possible to ﬁaintain éven this

for the phoria groupings. However, the imbalance is only one
subject out of each eight énd the results obtained from the

subjects divided into 'order of viewing' groups do not show

a strong—interaction. (Chapter 6, Fig 51, page 211).

The other imbalances of film and code are regarded as less
important as a furfhef data reduction process had been devised to
facilitate better comparisons across time. This calculated

a mean viewing time over all sightings of a given object. The

difference between a particular sighting and the mean for that

" object is then éalculated to provide a value which is more

independent of film and code. This process is described in

Chapter 6.

e e poramageirs s
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In these experimental dgsigns the major difficulty has been the double treatment
aspect. Not oniy do sﬁbjects look fhrough a particular magnifier during a
trial, they also use a pérticular visual task.. The need to order the tasks

and magnifiers in a balanced manner éan‘only bé satisfied with standard
grgco;latin squares if‘one assumes therevis no residual effect from the

previous trial. (Cockran & Cox 1957 ). If the residual effect'is to

be eliminated by balance.only single treatment arrays may be obtained from
the:literatﬁre. vAs a residual effectrwith the magnifiers is more likely
than with the films whicﬁiare nominally idéntical it was decided to use

a latin square of the maénifiérs which safisfies the conditions of

balance for residual effects as Specified by Patterson (1952).

These conditions, in the terms of this experimgnt, are as foilows:—
I No magnifier‘is used by a given-subject more than once.

II Each magnifier occurs in a given sub-trial an equal
number of times.

III Bvery pair of magnifiers occur together for the same
: number of subjects.

Iv Each ordered succession of two magnifiers is-preéented
to the subjects equally often.

v Every pair of magnifiers occur together for the same
number of subjects excluding the last magnifier
‘seen by each subject.

VI For those subjects which use a given magnifier last
the other magnifiers are used equally often.

VII For those subjects for which a given magnifier is used

in any but the final trial each other magnlfler is
used last equally often. :

Patterson states that a 4 x 4 array is the smallest that can be found.
Of the 4 latin squares suggested by Yates (1933) only the one used

satisfies the above conditions. (hvray q .
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Choice of Subjects and Physiologicai Tests

In order to test out differences between magnifiers in their inter-
action with the visual apparatus of the user, it is necessary to

check the normality of vision in the subjects used. Whilst not

‘wishing to restrict the study to persons with perfect vision, it is

important that subjects requiring, but not equipped with spectacles,
should be exéluded. Equally, those subjects with gross defects such

as monocular vision or strabismus, should be excluded as this would

~normally exclude them from any military use of these devices.

To this end all subjects used in this study had been tested on the
MAVIS Vision Screener. .This semi-automatic system rapidly checks
the major aspects of acuity and binocular balance at both far and
near distances. - Stereoscopic acuity is also measured.: Acceptance

criteria weré abitrarily set at:-

Visual Acuity in each Eye: N8 near 6/7.6 far
Binocular Balance Horizontal: 164 near i§15 .far
Binocular Balance Vertical: *1lAnear +1 A far
Stereoscopic Acuity: 75 sec., near 100 sec.far

As was discussed in the last chapter, little guidance,isiavailable
from the literature in the choice of a_physiological‘parameter
related to fatigue. In formulafing the experimental policy the
choice of lateral heterophoria measurements was decided as much

by the simple appaﬁatus required and the ease with Which measurements
could be made as by any rational progression from previous work.
Although changes in heterophoria had no record as an indicator of
general fatigue the feeling was that it had not been disproved

in relation to aberration limited vision.




In order to obtain the maximum amount of information‘the effects

of viewing time it was decided that the 800 feet of film providing
the 20 minute task should have 20 sec. blanks at 5 minute intervals
so that the phoria could be measured on an adjacent instrument during

this time.

Phoria (or‘heterophoria) is the difference betweem the rest directions
adopted by the eyes whén vision ié disassociated to those adqpted
when binocular fusion-is obtained. Most people have some rest

~error of this nature, and orthophoria is relatively uncommon.
Variafion,in theAsizg of the error is usually found between

distant vision (6 metres) and near vision (25 cm).

The latter is of greater interest in this case, but the typi¢al
magnifier settimg'gives an image at about 50 cms. Thus, the usual
Maddox Wing test for near vision heterophoria was incofporated into
2 system Operating at 50 cm, but cbmpact enough to rest in front of
the subject below the magnifier. In use the subject merely needed
to tilt his head from the magnifier viewing position to look into
the twin apertufes of this device. Through these he saw a
horizontal scale with his right eye and a single I-shape with his
left eye. Both of these were bright objects on an otherwise dark

‘ field. The illumination sources fom these objects were independently
controlled, and the subject could only see the I-shape initially.
On illuminating the scale the subject was asked to imdicate the
location of the I with respect to the scale. To avoid confusion the
scale carried the digité 0 to 9 with 5 as the orthophoria condition.
The scale‘numbe;s were in fact at lcm intervals which at 50cms is
equiva;ent to 2 prism dioptres. In other words the range - 104 to

+1056 was used and found adequate for the subjects chosen.
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Reference has already been made to the 4 x 5 minute structure of the

visual task. Prior to this time the subject was instructed in the

use of the triggering control, and the height of his chair was

adjusted for comfortable viewing. The nature of the task was

explained to them by reading a description as follows:-

This will take about 25 minutes. Your main job is to watch

a film through an eyepiece. The film is taken from a boat

lsailing along a canal; but we have speeded it up so that you

are effectively travelling at about 20 m.p.h. You may notice
high speed cars on the road alongside, but your main job is

to watch out for objects along the banks of the canal.

These objects are white squares é ft. by 2ft. having two

black stripes. Sometimes thg st;ipes are vertical, sometimes
horizontal as in this picture. I want to know the moment you
can see that it is a horizontal or vértical type. To do this
I want you to use the knob you find by your ;ight hand. You
can press fhis down and move it along. All I want you to do
is press it down when you see that the stripes are vertical

and along when you see that they are horizontal.

As well as this I want to do a measurement on your eyes. If

you look down you will see an oblong black box with two holes

: in it. 1If you look through these holes you should see a line

of numbers. There is also én I-shaped object which may move
about aibit. I can switch the numbers on and off. Can you see
the I-shape and thé number s? Pleaée look at the I-shape.

when I switch on the numbers I shall want you to tell me which

number is the nearest to the I or whether it is between two

numbers.
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Now look through the eyepiece again.

" The most important thing is that you are sitting comfortably.

Is your chair the right height?

Is the back rest supporting your back?

Is your forehead central on the brow pad?

Now we are ready for the main test. When you see a
horizontal object press the knob sideways. When you see a

vertical object press the knob down.

From time to time the scene will go black. I want you then
to put your eyes down to the lower equipment and tell me

the number which is nearest the I-shape.

If you have comments to make during the time, please make
them, If you get a headache or feeling of strain, let me
know. If you want to give up let me know. If a head ache

comes it may clear again - let me know that as well.

Try to work carefully and consistently without being overkeen or

too intense. Try to ignore the sound of the equipment.

At the end of_the task period the subject was questioned according to

the questionnaire below:-

*1.

How do you rate your present state of vision?
1.) Excellent
2) Comfortable

3) Mild Discomfort
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A , 4) Severe Discomfort

S . :

bt . 5) Double Vision at Times
o

[H. S

i

Are your eyes hot, dry and watering?
g 3. Do you have a headache?

4. Were you bored by the task?

S. Do you feel your attention to the task was consistent?
hY

**6, How do- you rate this equipment with previous types?

g o 7. - Does your back .or neck ache?

I -

¥

; ; *kk 3, Did you use one eye or change eyes from time to time?

«

2 * The check list was used from subject 26 on.

R -

y b *k Question 6 applied to the second and subsequent trials.

L *k ok

Question 8 was asked only after the monocular magnifier,

i
P

U
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Magnifier Module Design

Although the observation station and use of 16mm film has been
described it is necéssary to describe the link between the projector
and the magnifiers used in the experimental work. Even the lowest-
power biocular m#gnifiers have a numerical aperture greater than
that of,the projection lens. Thus, a scattering surface is required
in the plaﬁe of the projected image to fill the magnifier with
light. The requirement;of this scattering surface become more
critical the higﬁér the’power of;the subsequent magnifier. The
requirements‘amountvto uniformity Qf contrast transfeflfunction

and of illumination’into the aperture of the magnifier. The

first requirement is difficult to satisfy when magnifiers of
different powers are being compared. If the maghifiérs are of
identical poweg-when the same scattering screen material can be used,

only the second requirement remains important as gross variation.

in,intensity across the angle scattered. into will mean that

subjects with larger interpupil distances may see a dimmer scene

than those with closer set eyes.

The first problem means that comparisons across magnifiers using
different screens must be done with_cére. The second means that
éven when the same screen is- used comparisons between different
subjects must take into account their different eye locations even

when each subject uses a brow-pad.to centre the head. However,

.. the visual aberrations of a magnifier are themselves sensitive to

interpupil distances so that it is advisible to choose subjects

over a restricted range of this parameter.
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The limitations of any comparison across magnifiers using different
screens are reviewed later in this section after the descriptions

of speﬁific magnifier modules. The effects of subject barameters
such as interpupilbdistance are reviewed in Chapter 6. Three modules
weré required for the first experiment_to compare widely different

magnifiers. Sdbsequent experiments used the third module modified.

STOG Module (Straiéht-Thféﬁgh ordinary glass)
This module requires no magnifying lenses as the image is viewed
.directly at 50cm from‘the eyes. A plane pieée of glass was included
so that subjects would not see an immediate difference. This system
requires the largest image and é screen size of 46.6cm diameter by
28cm vertical truncation was required to provide a 50° by 30° field
of view at a viewing distaﬁce of 50cm. which is equivalent to a
dioptric setting of - 2 Dioptres. A Harkness *Translite' rear
projection screen was used. A projectoi lens of 50° field of view .
was used which gave a throw of about 50;ms as shown in Fig.24 with

the black-out covering removed.

The open gate 1uminaﬂce viewed throughithe %" plano glass was found
to be'lésff. laﬁberts. ‘This reduced to 50ft. lamberts when a
Wratten Green Fiiter No;SS is placed behind the plano glass to

give the phésphor response of image intgnsifier tubes. These
figures applyifo‘the centre of the fiéld. At’the‘edge (horizontally)
a reductibn_to 75%.of cenf;al values was observed. With the task
film running,‘a redﬁctionvto 35% of open gate valueé was observed.
Thus, aﬁ 'in use' iuﬁinanﬁe of 17ft, lamberts was obtained, and

this was considered comparable with image intensifier tubes under

moderate to high ambients.
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The'valué of 165ft. lamberts with open gate and no green filter
was thﬁs taken as a standard as the smaller screen sizes of the
other magnifier modules would easily allow better than this and
stops and filters could be used to adjust to this level. Two

problems femained with this system.:

The triggering photo-cells were not’recei&ing sufficient intensity

to operate the inpﬁt procéssor of the eiectronic timing system.

This was rectified by imaging the projection lens onto each phofo—
cell by the use-of lenses as shown at the top of the module in Fig.24.
The other problem“was more serious and was due to the relatively

wide aperture of the projection lens - f/1.4 and 0.5" efl. The

axial motion bf fhe film in the gat; while not in itself exceeding
the depth of focus of the lens, could, due to the very short back
focal length of the lens, give a loss of focus when a splice passed
through. Modifications to the focussing mechanism made this more

stiff and a continuous watch on focus was maintained while this

module was under test.

COP Module (Singe Plastics Lens)

The aspheric plastics lens as described in Chapter 2 requires a
_screen format of 85mm diameter by 51lmm truncated height. This
gives a field of viéw of 50° if the angle of view is derived
from the extreme image location reiative to the viewing eye

_ position. The consfderable field curvature and astigmatism of
this lens makeé it difficult to define the limits of the field

- exactly.

With this arrangement the central part of the screen is being

viewed at an angle of 27° by each eye. (Equivalent to f/1.1).




At this softubf-apertufe the thickness of the screen material

becomes the limifing factor on its resiution.

In order to obtain the same limiting resolution on this screen as

on the STOG system, a special high resolution screen wés pﬁrchesed
frém de Oude Delft which gave a similar limiting resolution to the
STOG magnifier when the projection lens was used with a stop of

16mm diander. This improvement in resolution isllargely due to

the reduction in lighf trapped in the scattering material which
eventually emerges some lateral distance from its point of incidence.
The apparent luminance of the screen with open gate and this gop
size was 850 ft.lmbts. This was reduced to 165 ft.lbts. by using

a neutral density filter of 0.71 O.b. (nominal) near to the screen.
Both the neutral filter und green filter were placedvonly over

the screen area so that the photo-cells recéived the full illumination

and were able to trigger the electronic counting system satisfactorily.

SLAB Mpdule

The screen problem with‘the COP gystem is.even wofse-with the SLAB
magrifier module which, as described in Chapter 2, ?equires a format
of 40mm diameter by 24mm vertically truncated. It was found that
the écreen matérials gave insufficient resolution when the projector
lens was stopped down to 13mm diameter and that little improvement
on this ﬁas obtained 5y sméller diameters of stop. It was decided

to change the screen material to Polacoat ‘Lenscreen' which was

lighter and more robust than that used on COP and to vibrate this
material to enhance the apparent resolution. This vibration was

applied as a simple linear motion at 45° to the vertical and




FIG. 35 SCREEN FORMATS OF MAGNIFIER MODULE> 165

‘STOG Module
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horizontal objects used in the visual task films. A small Pye-Ling
vibrator was used driven from a power oscillator at 50 Hz. The
amplitude>was arbitrarily set at about 1lmm 4s no detectible change
in resolution occurred at amplitudes above 0.5mm. The ;3mm stop

gave a screen luminance of 1400 ft. lamberts and a 0.9 O.D.

(nominal) neutral density filter was inserted to reduce this to

165 ft . lamberts.

As the format required for a PPE‘Ltd., Monocular magnifier was
identical with that of the SLAB magnifier, as this was designed

to replace it, the same module could be used for both these

magnifiers.

Comparison of Magnifiers

The three formats used in these modﬁles are shown in Fig.35.

The magnifiers'as‘ihitially suggested, were intended td provide

as wide a range of visual aberration levels as possible so that

the extent of observer interaction with visual instruments of this
type could be assessed over a broad front. The problems encountered
in obtaihing equalisation of screen resélution cast some doubts on
this épproach. ‘Essentially, the screen and projector lens became
part of the ﬁaghifier when these are different for each typg. The
effecfive resolution at the céntrérof_the field was visually
gséessed with the registration film to be 35 1p/mm oﬁ the film., This
was consistent acfdss all modules to within +3 lp/mm which was the

best that could be judged by eye.

This is equivalent to 350 line pairs across the 880 mRad (500) of the

horizontal field, The limiting resolution is therefore 0.4 lines
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Fig.
lines pairs/mRad. which, for the normal target (see 82.32) occurs

at about 0.6 secs. after the triggering flash. However, the

vadétion betwéen module resolution could be equivalent to‘

+0.04 1line pairs/mRéd. Which is +1.0 seconds of viewing time. This
must be taken into account when considering the results, although
the.average recognit;on time for most objects is between three and
six seconds which is over two seconds 1afer than the visual contrast‘

threshold time of the objects.

vEssentially, this féaturevﬁeans that comparisons across systems
employing different séreens and modules must be done with care.
Magnifiers which use the same screen and module allow a more

direct comparison. For fhe second and §ﬁbsequent experiments

it was decided that the investigations should concentrate on the
high-powef magnifier and differences in trial duration and conditions
should be looked at as well as optical differences introduced by
add-on elements. The trial duration and conditions changes are
des;ribed in the next chapter but the add-on elements are

described in the next section.

SLAB Module II

When only add-onfly elements are changed between trials the module

can be more permanent.and complex. The mirror on the projector which

folds the light through‘90°'can now be located on the module and reduced

in size so that only the axial light from the projector‘leﬁs is
reflected. With this mirror fixed relative to the vibrating screen the
direct beam can be received on a second screen which is also fixed to
the module. This receives light from the periphery of the projector
lené. In fact, two horizontal parts of an annular aperture were used

so that defocussing could be seen as a dividing of the image. The
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central portion was stopped down to £/6 with a 8mm stop and the
brighter image from the annular apertures was used to triggér the photo-
cells. This arrangement gave a better consistency of registration and

focussing to the accuracies discussed in Chapter 6, Section 5.

?
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Add-on Elements to modify visual aberration Values

Consideration of the visual aberrations in Chapters 2“545 of‘tﬁé:
response of the visual‘apparatus considered in Chapters 3 & 4 nggests
that parallax error may produce incorrect response or visual dis-
comfort before any of the other aberrations. This aberration had

in fact been relatively well corrected in the.aspheric plastics
magnifier at the expense of field curvature and astigmatism and

in the high-powered magnifier at the expense of field curvature

and binocular overlap.

To investigate this a serie$ of 3 édd;on prism arrangements were
made to give a longitudinal shift to the convergence surface. At

the same time 4 cylindrical add-on lens was manufactured to give

a changé in astighatism. The physical shape of these items is

given in Fig.36 und'their optical effects iﬁ Pig}37. Although

the use of base-in and base-out prisms in this way gives a lateral
shift-to each accommodation surface (up to- 10mm) the most obvious
change is the longitudinal shift in the convergence surface. 1In
Fig.37 only this second effect has been shown. With the cylindrical
lens the ma jor effegt in the nhorizontal plane containing the magnifier

axis and the eyes is the shift of the .sagittal. image surface as

shown in Fig.37.

The use of add=-on elements does allow identical projection optics
and diffusing screens to be used with each system. The remaining
unwanted differences are therefore those due to the order of

viewing by the subject and the visual. tasks used. The experimental

design as described in section 4 of this Chapter should remove
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these leaving only differences due to the changes in visual aberrations.
" The way in which these interact with the existing visual aberrations and

the interpupilliary distance of the observer is considered in Chapter 6.




CHAPTER 6

EXPERIMENTAL RESULTS

6.1 Introduction
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During the course of the investigatofy part of this study four

experiments have been carried out.

While some of these used too

few subjects to yield conclusive results all four are reported

as they provide useful pointers for future work.

Experiment 1

compared three widely different biocular magnifiers and a high-

power monocular magnifier.

Experiment 2 investigated differences

between interrupted and continuous viewing. _Experiment 3 compared

add-on elements on a high-power biocular magnifier as a preliminary

to Experiment 4 which again used add-on elements but with more

subjects who were selected and arranged as far as possible, according

to inter~ocular distance and muscular balance.

The géheral pattern. of experimental work may be shown diagramatically

as follows:~

Plane Glass (STOG)
Plastics (COP)
Monocular

Biocular (SLAB)
Biocular + Cyl
Biocular + Base-out
Biocular + Plano
Biocular + Base-in (1)

Biocular + Base-in (2)

Magnifier
Designation

In O O W

n

—

e

- e % em——] o

- - = e -

EXPT 4

Sub.

Sub.
Sub.

Sub.

1 - 17 (ex.6)

18 - 21
22 - 25

26 - 33, 44 - 54
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Although each experiment was directed towards a specific problem

the analysis of viewing times has been common to all. The use of

a ‘natural task using real objects in a real environment as described
in Chapter 5 was intended to form the basis of a compar ison
between magnifiers of the subject's performance on them. It was
expected that some deterioration in performance ﬁight be fouhd as
fatigue effects set in. Contrarybto this expectaéion only minor
fatigue effects haQe been found., The centre of interest has there-
fore concentrafed on the performance variations which have been
found. Although the natural task haé probably reducedvsubject
va;iations by:maiﬁtaining a more stable level of motivation than

80 minutes of a more repetitive task, the variability in contrast and
location of'each object does require carefﬁl analysis of the results

“if the maximum amount  information is to be extracted from them.

The éxperimental approach usiﬁg filmed objects allowed the timing
system to be triggered by a light flash, unseen by the subject,
which general;y_occurred 10 secths before the object went out of
view, at the side of the scene. However, this does nof allow for
bends in the cgnal, partial'obscuration by bushes and trees,
differences'in backgrounds etc. Each object must be treated

) individually. The experimental design allows that each object is
viewed twice by each sdbject - direétly and with the film laterally
reversed. Each object is viewed via eaéh magnifier an.equal
number éf times. then sixteen subjects;view four fiims of four
sections having sixteen §bjects in eachysection each object viewing
may be designated by five digits‘i,j,k,l,m where i. is the subject

number from one to sixteen,
j is the film number, from one to four
k is the ‘section number, from one to four

1 is the object number within a section from one to sixteen

m is the magnifier used, from one to four.
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If a new section number k is defined as 4(j - 1) +k this gives
a single k factor from one to sixteen. Each sighting provides

a viewing time ti which is part of a 16 x 16 x 16 array.

,k,‘l’

k and 1 define a specific object so that:éfrt . can be ‘divided
2 ikl
i=1

-by the number of actual sightings (which may be less than 16) to

give t or t

X1 kl,'the mean Sighting time for a given object.

It is now possible to define a reduced sighting time as (tikl_t klo

K

which is no longer biased with respect to the moment
“of the triggering flash or the conspicuity of the target

assuming no interaction between the magnifier and these.

As each of these reduced sighting times may be replaced in t he
original array the designation must allow an independent location
)

for each such as (ti The mean of these values for

k17t k1l ikl

)

each section is then (t These means can be simplified

k1™ k1 k.
to Tﬁk but the k value is no longer important as the similarity
between the films and the reduction process makes the T values

comparable across films and film sections.

The interest is now directed to the particular magnifier, trial and
‘sub-trial on wﬁich each T value was obtained. 1In this context trial
refers to‘the'first, second, third or fourth 20 minute viewing
pefiod of '‘each subject while sub-trial refers to the first, second

third or fourth 5 minute viewing period within each trial,

The value of theée might be definable mathematically from the greco-
latin squares deséribed in Chapter 5, but a reference file in the
computer program is easier and in practice the 16 viewing times
punched on each computer card were sepa;ately designated for

subject, magnifier, trial, film, section, sub-trial; the last two



176

being in the code number. Thus each T value may be averaged over

~each trial (u) or each magnifier (m) for each sub-trial(v).

Over the sixteen sights of each sub-trial the mean of the T values
may be designated T, or T, . When results are taken over all
: imv iuv e
subjects the values T‘mv and Iﬂuv‘can be obtained. As a'figure
of merit for a given magnifier or trdial the values Tiﬂ or T‘u
may be calculated aéros5»the four sub-trials. In practice these

values have been found easier to comprehend when given about an

artifical mean of 5.00 secs. as this avoids negative values.

The treatment of missing values is considered in the next section.
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Experiment 1 (subjects 1 - 17, excluding 6) )

This first experiment was intended to examine a wide range in
mégnifier types and form an initial proving of fhe approach in
general and the visual task material in'particular. Three
magnifier - modules as described in Séction 5.6 were required as

the high-power monocular (C) and biocular (D) could use the same

one. The four magnifiers investiga¥ed were therefore:

Straight-through glass (screen at 50 cms) A
Plastic Aspheric Magnifier (COP) ‘ B
Monocular Magnifier (o
Biocular Magnifier (SLAB) 7 . _ D

These magnifiers were then used by 16 subjects drawn‘from PPE Ltd.,
The times of orientation recognition by these subjects were recorded .
rmanually from an electro-luminescent display onto charts of which
Fig.33 is an example, This contains three subject failures (ie,
object not seen) and tﬁé equipment failures (i.e, timing system not
triggered).out of the 64 possible values; The values are given

in 100ths of a second;  During the analysis of the 64 sheets .which
comprise the results the qﬁestion of how to treat these missing
values had to be decided. Array 6 (Chapter 5, Page 148) was used.
In the calculation of the T valuesyeach individual t value is used
twice. In the first case the sightings of a given object are not
over all conditions of magnifier, trial and sub-trial if less then
16 are obtained. As far as equipment failures go tles=should be
random across trials and sub-trials but an object with a poor
triggeringlflash will tend tg producg equipment failures. Equally

an object requiring considerable vigilénce on the part of the
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FIG 38 VISUAL TASK AND PHORIA RECORDk - BXPTS 1,2 & 3
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subject is not a good arbiter of visual performance via the
magnifier at least not as a primary interaction. It was therefore
decided that any object with less than il sightings should be
abandoned in the calculation and all its times ignored. With objects
where 4 or 5 of the sightings were lpst, these should be random

as regards equipmeﬁt failures but obviously subject failures will
tend to occur with the pooref magnifiers and less alert subjects. .
The absence pf these values when calculating the mean value will
tend to improve that value (make it a shorter time) which will
make the remaining magnifiers appea¥ less good. Thus, the action
is towards a reduction of the differences found and therefore
reduces rather than ehhances the chances of significance. As
significancé of differences between magnifiers is the ma jor
criteria of the visual taék performancevvalues the efféct of
missing values was accepted as a necessary evil which was most

unlikely to give spurious significance to any differences

L3

between magnifiers. -

withi; a sub-trial the_T&mv and Tjyy were merely taken over the
available results. Although the significance of a sub—frial
having very few sightings is less than one having the total 16
no other values aré available.to calculate trends for each
subject. When calculating the means over all subjects, T.mv

and T.,,, no justification can be advan;ed for deliberately
weighting against such Timv or Tiuv values and as the variations
between subjects and their trends are so large no 'missing value’

techniques used in statistical analysis are applicable.

The values of Tji;, and Tj,y are given in Figs 39 & 40 where the

former are given for the four magnifiérs used and the four five-
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FIG 40 RESULTS BY TRIAL OVER ALL OBJECTS - EXPT 1
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minute sub-trialé on each (v = 1,4) followed by the standard
" deviation of the 16 or fewer results which prowde the T value.
'The third line sh§ws’1r( a(T, =T, ). This is the difference
imv " Timv i..

for that particular sub-trial from the mean for that subject over

all magnifiers. Finally, the mean of results over all four sub-
trials is shown in the fourth line with respect to the éubject

mean, that is:- Tim."T;.. The standard deviation of this last

value is shown in parenthesis alongside. As the fourth line

value does not necessarily accrue from 64 sighting for each magnifier
(due to missihg values) the four values shown for each sub ject
do not sum to exaétly zero. The same format is use& for the Tiuv

values which (Fig.40) merely arrangesthe same figures for each

~ subject in the order in which he viewed them.

Beneath these values for each subject.fhe mean values over all
sub jects are given for each sub-trial and below these the standard
deviation of the mean over all subjects. The mean of these values

over the four sub-trials is then given. The last'three lines of

16 1 :
. . - 2 .
Figs.39 & 40 give. T.  , (zi:—:l (T T:m‘%s )2 and T -~ and

: 1
2 1 :
T uv? ({éj Ty T‘“Yi//;;/)z and T . respectively. All T

values are given about an artifidal mean of 5.00 secs.

bThe values<f'T;mv aﬁd T.uﬁ are plotted in Fig.41. Asithe magnifiers
had been specifically chosen to represent wide differences of type
it is reassuring'to see thaf the viewing times show differences
between the magnifiers in the way to be expected from the quality
.of their imagery discussed in Chapter 2, although the monocular is,
of course,“exéluded from‘that discussion. Concentrating on those

" magnifiers allowing two eye viewing it is seen that the differences

¢/
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between magnifiers is considerably larger than the differences
. between trials. Altheugh a sharp learning effect is observed in

the first trial, these latter graphs lie between +0.32 secs.

When considering differences between these magnifiers it is
important to remember that because of the large differences in
format size it was not possible to ensure that the screens and
projection lenses used did not contribute to the results obtained.
Howéver, this first investigation was inteﬁded to seé if
differences between widely different magnifiers could be detected
énd what differences between subject pgrformance & trends could

be found to indicate fatigue effects.

It is seen immediately that the effect with time for each magnifier
is much smaller than the differences between them when’éveraged
over all subjects. As a start and because of this small movement
with time, a two-way anaiysis was carried out which assumed that
performance waé not influenced by time so that each five minute
result for each subject (Timv) cou;d be consiqered_as a repeat
observation 6f the‘value.Iim .

This analysis gave the following results:-

Source Sum of Degrees of Mean of Mean Square
T Squares .. - Freedom Squares . . Ratio
Bet.Subjects 83.3091 15 ~ 5.5539 26.322 XXX
Bet.Magnifiers 108.2960 3 36.0986°  26.139 XXX
Interaction 62.1438 45 1.3810: 6.545 XXX
Residual 40.5294 192 0.2110
TOTAL 294,2783 255

The xxx sign indicates significance at the 0.1% level. Obviously,
the difference between subjects is large and an experiment using
magnifiers of a more similar type could run into this limiting

precdsion.
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The correct application of the F-test tothe mean square ratio-
requires the magnifier mean square to be compared against the
interaction mean square if the 16 subjects are to be regarded

as a Sample of the population.

A further analysisAmay‘be done when the different types of object
are cénsidered. The most obvious division of ébjects used, as
desc:ibed in Chépter 5, is into vertical and horizontal types. An
extra file in-the data reduction program stored this information
about each object and separate computations were run. ThevTimv
values are‘given in Figs 42 and 43 while the graphs of Fig.44

show the T p, values for each type of objct. It is seen that
only magnifier B shows;any significant difference between the

two object types.

On reference to Chapter 2 it is seen that this magnifier has about
1p of astigmatism over all the field, More significant is that this
astigmatisﬁ is biased aQay from the convergence surface so that the
accommodation of the eyes as determined by the convergence required
for fusion will be more correct for the sagittal image surface

than for the tangential over most of the field. The tangential
plane of thé analy§is is defined as that plane containing the field
point and the axis of the lens. With the objects*maiﬁly in the
horizontal plane though the axis of the lens as are the eyes, this
horizontal plane becomes the tangential plane in which vertical
objects are seen. The sagittal plane is therefore the image plane
of the horizontal objects and this is in accord with the result

that the T py values for this magnifier show shorter viewing times

for horizontal objects compared with.vertical objects.

-
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FIG 44 VERTICAL AND HORIZONTAL RESULTS - EXPT 1
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Vertical Objects
Tangential Surface

Horizontal Objects
Sagittal Surface
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Comparison -of vertical and horizontal viewing times as above is

not totally valid as the particular contrasts, conspicuities,
backgrounds etc. of the objects with vertical bars are not related
to those ﬁith horizontal bars as these are in different locations
and timed at different moments. The data redudfion process means
that the values for magnifier 2 are only comparison values with
magnifiers A C & D in each categdry of object. Thus, the difference
in the values for magnifierBmay be due to opposite smaller changes
in magnifiers A, C and D. Apart from the inherent unlikelihood of
this it must be accepted that the plane glass of magnifier A cannot
introduce any major effect while the projection lens used was

the same for magnifiers B C and D (although at different conjugates
for C and ﬁ). Differences in visual acuity in the vertical and
horizontal planes should affect all magnifiers equally. For.a
statistical anélysis of these results, the two-way analysis of

variance were carried out on each. These gave the following

values:
HOR IZONTAL
Sum of Sqdares Degrees of Mean of Mean Square
Fz eedom Squares "Ratio
Bet. subjects 76.3794 15 5.092 22.236 XXX
Bet. magnifiers 87.1919 3 29.064 21.956 XXX
Interaction 59.6194 45 1.325 5.786 XXX
Residual 43.9254 192 0.229
TOTAL 267.1161 255
VERTICAL
Bet. subjects 68.3322 14 4.881 13.672 XXX
Bet. magnifiers 128.1442 3 42.715 25.023 XXX
" Interaction 71.6982 42 1.707 4.782 XXX
Residual 64.1960 180 0.357
TOTAL 332.3706 239
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This analysis is reduced by one subject in the vertical as subject

11 experienced an equipment failure on the vertical channel while

“viewing magnifier A.

Although this type of analysis does show significant differences

a further test is required to isolate these. As the vertical and

horizontal values can cbe considered independent experiments it is
permissable to épply a student!é‘t test to fesults. Onlyvthe difference
of 0.56 seconds for magnifier B (for vertical sightings combared

fo Magnifier A less horizontal sightings‘compared to mégnifier A)

was found to be significant and that at the 1% level.

In investigating the effects of time on subjects' performance with
magnifiers a major difficulty lies in the variation within subjects.

Whereas 8 of the 16 placed the magnifiers in the Qrderﬁ A first, D

-second, with B & C in third and fourth position, a further 5 subjects

only exéhanged D for Bor C. However, the varation with time is
much more random. Taking the figures for the biocular magnifiers

(A, B and D),it is seen on inspection that the trends among subjects ]

is:-
Improvement No Change Deterioration :
Magnifier A 6 6 4 |
Magnifier B 4 5 6 '

Magnifier D 7 3 ‘ -6

Within these numbers, only two subjects showed the same variation
for Magnifiers A and D, three for B and D and six for A and B.

Thus, the variation with time that appears in the mean values over

all subjects (T p, and T ,,) are not very meaningful., More specific
analysis over smaller groups of subjects immediately suffers from %
the large variations between them and with this sort of task it

appears necessary to take means over at least eight subjects.
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Various divisions have been tested but no significant effects have
been found. In this experiment the phoria 6f each subject was
measured three times at the start of each trial. Betwéen each
sub-trial a further three measurements were taken and élSo at the
end of the trial. While diséussing the reactions of the subject
tb the magnifier two sets of two readings each were carried out

at approximately one minute and two minutes after the end of the

trial.

In total this gives nineteen phoria readings. The phofia shifts
encountered were géner#lly towards esophoria. As explained in -
Chapter 5, a single scale, 0 to 10 was used with 5 as the ortho~
phoric ¢ondition,‘whiLe values greater than 5 indicated exophoria.
Thus, a shift'towards esophoria is indicated by a reduction in the
figure quoted which is also multiplied by a factorcf»lO'to provide

a single indication of the % & % values recorded by subjects.

The shift obtained was considefed the first poiﬂt of interest,
and it was apparent that the values obtained after each section
could not be considered as three attempts at a constant value.
The timescale of the shift and its return meant that chanées

were often occurring during the time of the measurement. It was

also apparenf that in the ma jority of cases most of the shift had

occurred by the end of the first section. " The charts show the
results for the Magnifier A and Magnifier D, and the totals over

16 subjects for the Magnifiers B & C.
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65 67

Trial

Subjects Start After After After After 21 21
5 mins 10 mins 15 mins 20 mins mins mins
1 90 90 95 |80 80 85 |80 80 80 |65 65 70 70 65 65 |75 75 |80 80
2 40 40 30 |40 30 30 |20 20 30 |35 30 30 |40 30 20 |30 30 |40 40
3 50 50 50 |50 45 45 '50 45 45 140 45 45 |50 50 50 |50 50 |50 50
4 60 60 60 50'50 55 |60 65 60 |55 60 60 |60 60 60 |60 65 |60 65
5 60 70 60 ]| 50 50 50‘ 60 55 55 |50 55 50 |50 50 50 |55 55 |55 55
7 77 77 17|77 77 77‘ 70 70 70 |67 67 67 |70 70 70 {77 77 {77 77
8 69 69 69 |63 63 63 }62 62 62 |60 60 60 60 60 60 |67 67 |68 68
-9 5353 53 |55 55 55 |57 57 57 |53 53 53 |53 53 53 }50 50 |50 50
10 90 95 95 90 90 95 |90 95 95 |90 90 95 }90 90 95 |85 90 |90 95
11 73 88 83 73.75 83 |80 80 83 |60 68 73 |60 65 70 |60 68 |60 68
12 80 85 80 |60 70 80 |60 70 70 |70 75 75 |70 70 70 |70 70 |70 70
13 40 50 50 | 30 40 50 |30 50 60 {55 55°60 }J45 55 60 {40 50 |30 50
14 - 60 63 70 53'53 63 53 63 63 |50 43 63 |60 63 53 |48 48 }50 53
15 8883 85 |73 75 78 |65 78 78 |70 73 70 |68 73 75 }70 70 }78 80
16 60 65 65 |50 55 55 |50 55 55 |50 55 55 |50 50 55 |60 60 |60 60
17 ' 80 80 80:|70 70 75 {70 70 80 |70 70 80 {70 75 80 |70 75 |80 80
67 70 69 |60 61 65 |60 63 62 {59 60 63 [60 61 62 60 62 |62 65

MAGNIFIER B
67 68 67|65 67 68166 65 65 |65 65 65 |66 66 67 {65 68 |66 67'

MAGNIFIER C
68 68 69} 70 72 72 | 70 68 70 | 67 69>69 68 66 68 66 67I
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MAGNIFIER D
After After After After 21 22 .
Sub ject Start 5 mins - 10 mins .15 mins 20 mins mins mins
1 85 90 90‘ 70 75 75 |55 60 60 |60 60 60 460 55 55 |75 70 |75 80
2 40 30 30 |35 30 40 |40 35 40 |30 30 30 }20 20 20 {40 40 }40 40
3 50 50 50 |50 4545 |45 45 45 |45 45 45 {45 45 45 |50 50 |50 50
4 70 60 65 |60 60 60 50 55 60 |50 50 60 |55 60 65 |65 70 |70 70
5 55 55 55 45.50 45 140 40 45 {45 45 45 |50 50 50 |50 50 |50 50
7 78 78 78 |65 65 §5 63 63 63 60 60 60 167 67 67 78 78 78 78
8 72 72 72 |58 58 58 {55 55 55 |57 57 57 |48 48 48 |67 67 |68 68
9 49 49 49 |54 54 54 |47 47 47 |53 53 53 |47 47 47 |50 50 {47 47
10 95 95 95 180 90 95 {70 85 90 |80 85 90 |80 85 90‘ 95 95 |95 95
11 85 85 88.|163 65 63 |65 78 78 |60 68 73 |73 68 65v 70 70 |65 73
12 80 80 80 | 60 70 65 |60 60 60 |60 60 60 |60 60 60 65 63 |60 65
13 50 50 60 |20 30 40 {20 30 40 } 20 30 40 |20 30 40 10 30 |10 30
14 45 53 53 |50 53 55 |55 55 55 15055 63 |50 50 55 |45 45 |50 58
15 70 78 79 | 65 68 70 65 65 60 | 65 68 70 |70 65 63 [65 70 |65 70
16 60 70 70 |50 50 60 |50 50 60 50 50 55 |50 55 60 |50 60 |50 55
17 75 80 80 |70 80 80 | 80 85 90 { 80 90 90 |85 90 95 |80 90 |85 90
, 66 67 67 56 60 60 |54 57 60.154 57 59 |52 56 57 {60 62 }60 64

It is seen that magnifiers A & D give similar effects with the

greater being accorded to D, the high-power biocular (SLAB).

The simple plastic léens (Magnifier B) has no appreciable effect

while the monocular magnifier (C) has a slighf inverse effect

- even though all syStems were set for a viewing distance of 50 cms.

When the particular shift with each subject is compared with his

performance no correlation coefficients above 0.3 were found.
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After each trial, subjects were asked to comment on their state of
vision and general well-being. Of the sixteen subjects those who
made specific comments were analysed of magnifier, location and films

by recording the number of occurances of five symptoms.
Magnifier Location Film

A B C D|J]1 2 3 4}11 2 3 4

Headache following 2 - 4 311 3 1 4}2 4 3 -
Eyes strained following 2 6 7 7]10 5 6 114 7 4 7
Eyes strained in use 2 5 11 2 2 2 3 2 2 3 3
‘0.K. Relaxed 5 3 2 213 2 4 35 1 3 3
Bor ed 2 - - 1¢f- 111} -1 - 2

Broad. conclusions only may be drawn from the underlined values.
Magnifier one ﬁost often allowed relaxed viewing without
subsequent tiredness of the eyes. Magnifier two gave most
eyestrain during use. However, 'eye strain®' as a comment was

used mainly after the first trial.

In assessing the overall value of this first experiment it m;st
be recogﬁised that the differences between subjects are at least
as large as those found between magnifiers. Added to this.is the
possibility that the magnifier differences may be due in part to
the different screen ﬁatérials used. On the other hand the astigmaticv
effect found with magnifier B may berelated to a visual aberration
with reasonable confidence. Subsequent experiments (2 to 4) have
used the same projector lens and screen material at fixed con-
Jugates and magnification and so this affect is reduced to the

setting accuracies of these parameters.



6.3

195

Experiment 2 | (Subjects 18 - 21)

Subsequenf to the result. of experiment 1, which were in-
conclusivé as regards variations with time, a short gxperiment
of four subjects was undertaken in which they wor#ed with one
'magnifigr for 80 minutes. The SLAB’and monocular ﬁégnifiers
(C & D) were chosen as most interest centred around the former
and the latter had shown a considerable improvement trend. No

phoria readings were taken during these trials.

In order to test whether or not the eyes adapted with time

to the magnifier, a simple interrupted task was devised.

~This merely required the subject to read from a book for

one minute in every two, returning to the visual task for

the other minute. This means that of the 16 targets in

“each five minutes, an average of .eight will be seen.

With this reduced nuhber of values and only four sﬁbjgcts,

it is not feasible to calculate mean values for each target.
Accordingly, the mean values obtained by the sixteen subjects
iﬁ experiment 1 were used. These were subtracted from the actual

viewing times of the subjects, and the means over five minuteo

- plotted on the graphs shown in Fig.45.

With such a small number of subjects one must be cautious

~at jumping to conclusions. However, whilst it is by no means

proven, the graphs do suggest a hypothesis that a visual
adaptation may occur duting continuous viewing, which is
inhibited by interrupted viewing;'and that during the time
of adaptation the subject may perform worse than after
adaptation or without adaptation.

Obvidusly, further work is required to verify this.
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Experiment 3 (Subjects 22-25)

A further small experiment was run wi&h four subjects to

see if the system allowed the detection of performance
vadation with known incremental amounts of visual aberration.
For this a SLAB magnifier was-used as a basis and known
amounts of accoﬁmodation/convergence discrepancy (Parallax)
and astigmatism introduced using add-on prisms and a weak

cylindrical lens.

The prisms were mounted base-in and base-out between the

subject's eyes and the magnifiers and were of power 1 prism

.dioptre and 1.3 prism dioptres respectively. These re-

located fhe convergence»surface of the SIAB magnifier to

the positions marked on Fig.37. The cylindrical lens was of
the power +iD in the verticaul, and so for the eyes located
horizontally about the magnifier axis the sagittal accomm-
odative surface is shifted to the new location shown in Fig. 37

These modifications were designated as follows:-—

Biocular (SLAB) Mag D
Biocular + C (+ iDcyl. axis 90°%) Mag E
Biocular + P (1.0A prisms, base-in) Mag H
Biocular + N (1.3Aprisms, base-—outj Mag F

The subjects and magnifier> were arranged according to
Array 10 Chaptef 5, which is not a balanced array. The
results are shown in the graphs of Fig.46. Apart from some
indication that all the modified magnifiers performed less
well than the un&odified examble,-and the reduction in the

spread of results by the third five minute period, there is

little to be extracted from the results. The larger swings
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in the figures for successive trials also make§ the magnifier
figures suspect when the unbalanced nature of the array is
remembered. It is thus apparent that little will be learned
from four subject trials, and that future trials must contain

at least eight subjects.
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FIG 46 OVERALL RESULTS - EXPT 3
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Experiment 4 (Subjects 26-33) & 4C (Subjects-45—52)

Following the conclusiong of experiment 3 an eight subject
trial was undertaken using substantially the same magnifiers.
This was increased to 16 subjects by a repeat experiment involving

a further eight subjects.

On the grounds that results for one value of astigmatic

error would not be ?ery useful, the cylindrical lens modification
was replaced by a stronger base—iﬁ prism assembly. This gave
fou:‘values of the accommodation/convergence ratio;ovef which

to ‘examine the resplts. So that thé presence of extra’glass

in the magnifier would not constitute a difference, the

standard magnifier-was’used with‘a"plain piece of glass mounted

in the same way as the prisms."

A further departure was that the fourth:trial of the first eight
sub jects was extended for a further twenty minutes (comprising
a fifth trial), in order to check what the langer term performance

variations might be.

Up to subjects 25 the visual task films had contained a

twenty second dark period between each five minute task (sub-trial)
which was intended for the measurement of the subjeét's phoria.

On the basis of fhe phoria shifts obtaineq with Experiment 1

thi> dark period was reduced to less than one second and the

phoria tests restricted to the beginning and end of the twenty
minute trials. New printings of the visual task films were

used.

The data recofding was augmented with a digital printer which

was.actuated by the display. Only one major equipment failure
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occurred (Subject 31, trial 4, magnifier F:) but the results
requireci some slight annbtating to exclude the occassional
spurious trigger or repeat value due to one time being printed
before the other had finished displaying. A typical trial
sheet i$ shown in Fig.47.

‘The magnifiers were designated as follows:-

SLAB + 1.3 A Prisms; Base-out
SLAB + Plano glass

SLAB + 1.0 A Prisms, Base-in
SLAB + 2.7 Prisms, Base-in

o Qo

‘The choice of 1.3aB.0., and 1.0aB.I. was intended to give a
similar lnear shift in the convergence surface although in
opposite directions. The choice of 2.74) B.I. it must be
frankly admitted was intended as the sledge-hammer approéch
as its size should give a significant decrement in performance

even if the F and H results were indistinguishable from G.

Although, the obvious problems of experiment 1 had been over
come by using the same projection lens and screen, it is
important to ascertain what variation in setting and focus

could occur betw'een trials (and during trials).

The setting of the projector was checked with the registration
film viewed through the magnifier. This gives, o course, a
x5.5 magnification of the 40mm format. As the screen usad
was masked at 40mm diameter it was relatively easy to obtain
‘é. match of each side of the film and mask to +0.1mm on the
screen. From this the magnificé.tiofx has avset_ting accuracy of

+0.5%. The size of objects on the film is increasing due to
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FIG 47 VISUAL PERFORMANCE, PHORIA & VISUAL COMFORT RECORD - EXPT 4
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ah efféctivé boat speed of 7.5 metres per second. Most objects
are recognised at a filmed distance of 40 metres. The error

in magnification changes the effective'filming distance by

0.2 metres which the boat takes 0.03 seconds to make up. Thus,
+0.03 seconds is an outside estimate of the approximate error
contributidn between each trial of the repeatability of

setting of the magnification.

Of greater concern is the focussing accuracy of the projection
lens. The standard £/2450mm lens was masked with an 8mm diameter
stop which illuminated the screen for the subject and an outer
NN u.,l ws

anullus which illuminated a second screen carrying the

triggering photo~cells, - The image on this second screen was
.ﬁsed to observe the quality of focus apd,a dial gauge against
the lens indicated a longitudinal preéision.of +0.05mm.-

Error in focussing this lens will infroduce a variation in
cdntrast of the observed image. The extent of this variation

can be estimated if the projection lens is assumed to be
diffraction limited at this aperture. At the reduced aperturg of this

lens and the finite conjugates this amount of defocussing corresponds to

a difference between axial and marginal rays of approx. ?\/5.

. Trwv«s{‘cr Funclion
The effect of defocussing on Optical Ezequency-Reepesse of a

diffraction limited lens has been investigated by Birch (1961)

and Levi & Austing (1968). The former .uses the defocussing

coefficient W20 in units of n = RVF while the latter uses
units of the Rayleigh criterionA_=7\/4. Thus, the adjustment

error of +0.05mm is equivalent to n = 0.66 and &4 = 0.8.

Both use reduced spatial frequencies in terms of the diffraction

limit for incoherent illumination which is approx 250 cycles per
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millimetfes ih the film piane for this aperture and object conjugate
of the‘projection lens. Whenrelated to the film plane the approaching object
spatial frequencies of Fig.32 (Page 140) are multiplied by 100 to
give cycles per mm. (using a 10m.m. e.f.l. camera lens). Thus, between
3 seconds and 6 Seconds after trigger the filmed object has a spatial
frequenéy of 33 to 16 cycles per m/m. Mean recognition time of. these
objects is just before 5 seconds. Taking 25 cyéles per m.m. as a
mean value it‘is clear from Birch's graphé that a modulation drop

'i"‘om

¢ ] :
due to defocussing of=ledmeen 0.88 2= 0.84 can be expected. Inter-

polation of Levi and Austing tables gives 0.873 to 0.850. These

figures apply to monochromatic light and a perfect lens. The presence
. i : o-015
of aberrations will reduce both these values but the &25% change

indicated by this simple anaiysis probably constitutes the worst case.

Unfortunately, this change in contrast cannot be converted into a

change in seeing time using theoretical principles and it is not possible
to maké contrast measurements at this frequency with the moving film
imaged onto the screen. A £OUgh assessment of the likely Modulation
Transfer Function of the entire system may be made by estimated cut-

off frequencies for the various components of the system and assuming
linear change with frequency. These components, assessed at the film

plane, are:-

Haze = This affects the highAspatial frequencies more than
the iower as the pbjecfs are further away in the former casé. vfaken
on overcgst October days the films are assumed to have'seén an 80%
contrast object at 75 metres. This.effect is generated by assuming

a cut~off due to haze of 200 cycles per m.m,

Camera Lens - F/10 diffraction 1limit gives 200 cycles per m.m.
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Negative Filmvstéckv(Plus x) - Cut-off about 125 cycles per m.m.
PositiQe Film Stock (Pl?s‘x)‘} Cut—off about 125 cycles per m.m
Pro jection Lens » £f/8 diffraction limit gives 250 cyc;es per mm

chréen ? Althdugh this héasca maximum resolution of about
60 cycles per m.m. when viewed directly, the large numerical aperture
of the magnifier means thét the screen is viewed at a considerable
éngle to thé normal. A rough estimate of the cut-off is 20 cycles per m.m
_whichvgives 80 when related to the film plane. However, as a rear
projection screen it also suffers from scattered 1ight‘within the screen.

A fé;tor of 0.5 is included for this.

Taking all these into account means that for a spatial frequency X

the final modulation y is given by:-

X - R - 25 . 5
55 (1 -7 -7 U -3 a--%) o0

For the spatial frequencies 26,25 and 24 cycles per mm. This gives the
values:~ 14.36%, 15.16%, and 16%. A change of €=2%% at 80% is equivalent
to 0.5% at these values. As the film reduces the spatial frequency by

.1 cycle per mm each 0.25 seconds it can be seen that the modulation loss

. due to defocussing is made up in about 0.15 seconds. This is about

‘5 times smaller'than_the effect due to variatidns between subjects.

Although the values of about 15% modulation make it look large when
compared with visual threshold contrast.values reported in the
literature the visual resolution limit associated with 3 bar targets

is often estimated to be 15% contrast (8% modulation).
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The subjects do sémetimes record very short response times of
between one and two seconds so that a supra-threshold va;ue must

be occuring at the mean times. Obviously this analysis is very
érude but the effect of the focus accuracy is unlikely to be larger
~than that foﬁnd. Reasons foi the delay in subject response will be

examined after the detail results have been presented.

The results over all subjécts and all objecfs are given in Fig.48 over
.magnifier (Tjipy) and in Fig.49 over'trial (Tiuy). The values of

T v and T.uv'are plotted on Fig.50 which includes the fifth sub-
trial period over fhe first eight subjects only. Becauée each
-magnifier was used by only two subjects in this fifth period these
performance values show large swings. |

| Tﬁe.differences between magnifiers as shown by these reéults over

16 subjects are seen to be very much smaller than those of experiment 1
It is reassuring to see that over the main 20 minute period the

. reduced vigwing times for magnifier 1 which exhibited the largest
parallax error do show greater values indicating poorer visual
performance than the other three magnifiers. Similarly, the unmodified

magnifiet G gives the shortest viewing times in all except for the

first sub-trial.

However , it is clear that the differences between these magnifiers are
only marginally greater than those between successive trials as shown
by the T . values. -Some careful statistical analysis is required to
assess what significant effects can be deduced from these results.

As with the Expt.l the variations with time are not particularly
meaningful with the exception of the improvement in performance shown

by magnifier G. Of the 16 subjects, 7 show a distinct improvement

with time although 2 deteriorate and 7 show no distinct trend.
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FIG 48 RESULTS BY MAGNIFIER OVER ALL OBJECTS - EXPT 4
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FIG 49 RESULTS BY TRIAL OVER ALL OBJECTS - EXPT 4
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" With the other magnifiers the distinct trends are fewer and more

nearly balanced between improvement and deterioration.

The extra 20 minute period which was imposed on the first 8 subjects,
shows iﬁ spite of the la;ge swings due to having only . two subjecfs

- each, that the general downward trend of}the unmodifiéd magnifie;'G
is generally maintained. The general deterioration in performance
vduring the penultimate sub-trial is more likely to be related to .
subjéct motivation with the last sub-trial showing.an 'end effect!
rather than any specifically physiological interaction between

subjects and magnifiers.

A more specific analysis may be applied if the four sub-trial values
obtained from each subject on each magnifier are regarded as repeat
obéervations of the same true value and the mean for each magnifier
compared. Over all subjects it is seen from Fig.51 that the visual
performance decreases with increasing parallax error independently

of ‘the sign of that error.  If, however,_the subjects are grouped
according to the order in which they used the magnifiers (Array 11
Chap.5) an interactive efféct with the visual performance/ﬁarallax
error reiatioﬁis seen. Such are the varations between.subjects that
the size of this effect is not statistically signifiéant. In the
division of subjetfs into physiological groups it would be preferable
tb have in each'gzgup equal numbers from each order of viewing group.
At the t;me when subjects 26 tp 33 were used any interactions
between physiolégical paraﬁeters had not been recognised ahd the

. location of particular subject types within the order of.viewing
groups was.antirely by chance. Althoggh the location of subjects

45 to52 was chosen with this in mind it Was not possible to achieve

a coﬁplete balance as is described in Chapter 5 . (Pages 153 and 154).
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FIG 51 MAGNIFIER/ORDER OF VIEWING INTERACTION - EXPT 4
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The subjects may be arranged in the square array at the top of Fig.52.
If a vertical line is drawn to divide these into two groups it is

seen from the array of inter-pupilliary distances exhibited by the
subjects that the mean P.D. of the left-hand eight is 62.2mm while
that of the right is 65.6mm. Of the eight with narrow P.D. two

saw the magnifiers in each of the orders shown in Fig.51 and similarly

for the wide P.D. group.

A horizontal line through the subjects divides them according to

theig disassociated phxia at 50cms. The upper eipht are virtually
orthophoric while the lower group exhibits a mean of 6Aexophoria.
However,‘in these groupihgs a balance in the order of viewing was

not possible.  Three subjects in the uppér group all used the magnifiers
in the same order, GFHI,, while only one used FIGH. The opposite

imbalance exists in the lower group.

Accepting this limitation{theresults are analysed within the groupings,
using the relative performance figures for each subject with respect
to the AQan performance for that subject across the four magnifiers.
This allows a simpler appreciation of the results before a more
thorough analysis. These relative results are shown in Fig.52 in
units of 0.0i seconds. Under these figures are shown the arbitrary
scale values for the phoria shift obtained from before and after
measurements of disassociated phxia made as described in Chapter 5,
Section 5. The third row of figures records the visual comfort
score accorded to each magnifier by each subject after every trial
as described in Chapter 5, Section5. These results are laid out in
the same array as givén'at the top of Fig.52.

The mean values taken.over these groups‘of subjects are shown in

Fig.53 and Fig.54. The best performance of the orthophoric group




Subject No.

46 45
26 48
27 32
51 33

Mag.

Perf.
Shift
v.C.S

Perf.
Shift
v.C.S

Perf.
Shift
v.C.S

Perf

Shift .

V.C.S

Performance figures show deviation from each subjects' mean viewing time

FIG

} .

i

[ AN

52 SUBJECT/MAGNI%IER INTERACTION - EXPT 4
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P, D, in mms Base Phoria Single Scale:-
) Mean
30 31 60 61165 64 53 38 53 39 10 = 84 eso
: 55 30 = 440 eso
47 28 62 62|65 66 58 65 63 69 , 50 = Orthophoric
50 49 61 6363 64 75 71 70 70 g 70 = 4'A exo
29 52 60 68|69 69 75 84 85 99 9% = 8a exo
Mean 62.2 65.6‘
F ¢ # 1| F ¢ B 1 F G H I F G H I
+15 -25 -40 +94 | 425 -13 ~09 ~04 | -29 +06 -25 +38 | -21 -17 -05 +38
-20 =25 =30 =20 | =05 .00 00 =05 -10 =30 -10 00 | -10 =15 00 00
3 3 3 3| 3 3 2 2 2 2 3 3| 2 2 3 2
-02 -15 -02 +19 | -26 -08 +13 +16 -52 ~44 +54 +38 | +12 -85 +44 +32
-15 -10 -15 -15 | -20 -20 =30 -05 -10 -10 =05 00 | -25 -30 -20 -20
2 3 2 3| 2 2 2 2 |+3 3 3 2 2 2 2 3
+36 +25 =57 +05 +35 =30 -05 +00 -20 -24 +01 +50 | +17 -19 -05 +07
-15 -15 =10 -10 | =10 -10 +10 +10 -20 -15 -10 -15 | -10 =10 -05 -05
3 03 3 2| 2 2 2 24§ .3 2 2 2 2 1 2 2
+32 =29 -11 +06 | -13 -04 +06 +10 | +18 -05 -06 -06 | ~OL +04 -25 +23
-05 .00 -15 -10 00 -15 -05 -15 +10 -20 -20 =20 00 +05 +05 +05
32 3 3| 3 2 2 2 4 2 3 2| 2 2 2 2

in units of 0.01 seconds.
average performance.

Thus, negative values relate to better than
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(most negative value) occurs with magnifier G while for the exophoric
group, fhe best performance is recorded on magnifier H. The greatest
phoria shift also tends to occur with the hagnifier showing better
performaﬁce, although the correlation by rank is only 0.47.

A similar shift in tﬁe best magnifier is shown by the groups having
different inter-pupilliary distances. The wide P.D. group favours G
and possibly F while narrow P.D. subjects prefer G and H. Again, the
maximum Phoria shift is associafed with the magnifier giving the

best performance with a correlation by rank of 0.9.

In both cases the visual comfort score shows little change with

magnifier and less correlation with the actual performance recorded.

However, the relatively high correlation with P.D. while possibly fcrtuitous Nj

does merit comment. This division of subjects is the more clear cut

of the two as .the disassociated phoria values of the two groups are

less than 1A different. With the division into groups having different
mean phoria values the mean BD. of these groups show a difference

of l.ﬁmﬁ which is almost half the difference obtained with the deliberate-
division into P.D. groups. As the P.D. effect on relative performance
and the phoria effect appear to go in opposite directions the manifest-

ation of the phoria effect is partially masked by that of the P.D. effect.

Although the variations between subjects is too large to provide
statistical significance to'each small difference in response to the
magnifiers, it seems very likely that phoria shift under these
conditions is related to visual performance which hés a 'best' value
and shows the same shape of curve and not to the prismatic (parallax)
error which is linear across the four magnifiers. Thus, it cannot

be postulated that the shift in the rest positions of the eyes i$
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51 33 29 52

64.6mm

79 (6A exo)

30 31 47 28 50 49 29 52

= 65.6mm

68 (3.5A exo)

H I

+04 +28
-08 -07
2.5 2.3

FIG 53 SUBJECT/MAGNIFIER INTERACTION - EXPT 4
SUBJECTS: -
46 45 30 31 26 48 47 28 27 32 50 49
Mean P.D. = 63.2mm Mean P.D. =
" Mean Phoria = 55 (1Aex6) Mean Phoria
Mag F G H I F G
Perf -10 ~25 +04 +34 +13 =10
Shift =14 -18 -14 -08 =06 -10
V.C.S. ' 2.4 2.5 2.5 2.5 2.8 2.0
Correlation between Perf. and Shift by Rank = 0.47
SUBJECTS: -
46 45 26 48 27 32 51 33
Mean P.D. = 62.2mm Mean P.D.
Mean Phoria = 65 (34 exo) Mean Phoria =
Mag F G . H I E G
Perf +13 -12 -13  +18 -10 -23
Shift -11 ~-12 ~12 -09% -12 -16
V.C.S. 2.6 2.5 2.4 2.4 2.5 2.0
Correlation

between Perf.

and Shift by Rank = 0.9
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FIG 54 SUBJECT/MAGNIFIER INTERACTION - EXPT 4

6.

Mean of Eight Subjects -
Orthophoric

Mean of Eight Subjects -
Exophoric-

Correlation by Rank

= 0.47

Wide P,D. (65.6 mm) Mean

Narrow P,D. (62.2 mm) Mean

- Correlation by Rank

= 0.9

l1.048B.I

2.7a B,I, Prismatic Error

Magnifier F G I
{sual '
'rformance
+10_N
00 \
=10 /
00
. Exo
4
Oria —lO .—-—x /'
iisual +10
sirformance
00
=10
bria 00
lift
\Ame Narrow
1.34 B.O 0.0

Visual Performance is given in 1/100 seconds change from mean.

Phoria Shift is in arbitary units where - 10 indicates 2A shift towards esophoria.
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an ‘'impedance matching' action similar to that found by Carter (1963)

and described in Chapter 4 (Page 98).

The possibility that phoria shift constitutes a physiological
correlate of visual performance cannot be ruled out by these results.
The;e is however less évidence that phoria shift relates to absolute
perf;rmance values across suﬁjects. These values are the relative
results for each subject with respect to the ﬁean for that subject
across the four magnifiers as this allows a simpler appraisal. When
the actual T, values are used ( 'see later ) over the specific groups
of subjects (These values are gain relative but now to the mean over
all subjects and magnifiérs) the correlations are reduced to 0.38

and 0.84 respectively. When the mean for  each subject over all magnifiers
is compared with his _mean phoria shift the cérrelation is 0.05:
Clearly, parallax error and phoria condition are likely to be related
in some way and the effective change of best magnifier with phoria
condifion is évidence of this. It remains an open question whéther
the phoria shifts found would still relate to relative performance

if some other visual aberration were used.

However , the effect fpund with the different P.D.s of subjects demands
an explanatibn in ifself. The prisms pla;ed between the subject and
magnifier do not have an optical action that is related to P.D. The
visual aberrations shown graphically in Figs.11 aﬂd 37 were examined
mére intensively using the computer program devised'by the writer.

When different eye positions related to larger and smaller inter-

'pupilliary distances were entered into the calculation it was found

that the extent of the binocular overlap was changed. Fig.55 shows how

observers with wide P.D. experience a binocular overlap which is
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approximately one half of that seen by those of narrow P.D.

In the context of the division of subjects into groups having mean P.D.s.
of 62.2 and 65.6 resbectiyely the binocular overlap varies from a width
of 4 inches down to 3ﬂh$u,at the viewing distance of 14.5 inches. Thus,
‘a second visual aberration is being varied across the subjects. When
tge decision to use real magnifiérs was taken the likelihood of inter-
actions‘between other aberrations and subjects was accepted. Obviously
an experiment in which this aberrationis varied for each subject is
needed. However, an attempt to analyse these interactive effects will

be made in the next chapter.

Not only are the subjects different and the magnifiers different, the
objects used on the task films are also different. Reference has
already been made to the vertical and horizontal nature of these objects
and their.interaction with the astigmatism of one magnifier in Expt.1l

A furfher distinction may be made according to the iocation of each
-object at its meaﬁ recognition time. Because of the twists and turns
of the canal and the precise placement of the objects the loci thgy

take in the field of view is varied as shown in Fig.33 (page 141) .

However, the data reduction process described earlier ascribes a mean
sighting time, t.kl’ to each object. With these values obtained
from the computer the visual task film was viewed against a pattern
of squares over fhe field of view. Aftér‘each triggering flash the
projector was stopped at the moment of the mean sighting time
calculated for that object. The lccation of each object was then
noted; Subsequently, ihé objects were categorised as monocular or
binocular according to their location at mean sighting being outside

or inside the binocular overlap for an observer having a P.D. of 64mm.

AT
AT
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This means that:for each magnifier results from each set of objects
may be obtained over all subjects as given in Figs 56 to 59. When
these figures are presented in graphical form as shown in Fig.60 it
can be seen that the greatest effect of the add-on prisms occurs with
the vertical and binocular objects. It is to be exp;cted that errors
in parallax caused by the add-on prismé will effect those objects in
the‘binocuiar overlap region more than those outside it. Equally,

if the eyes adopt some non-normal fixation disparities as a result.
of the parallax error dne would expect those objects with detail in

the horizontal plane (that is, vertical bars) to suffer most.

Each of the figures yié;ding the points on the lower four graphs

of Fig.60 are the means of 512 sightings less missing values (32 objeﬁts
x 16 subjects). Any reduction_in this figure will tend to reduce

the chance of statistical significance but such an analysis must be
done if the interactions between the visual aberrations of the
magnifiers and subject§ with visual performance are to be investigated.
To this end a two-way analysis of variance was carried out for each
class of object and each class of subject over the four magnifiers.

In order to ascertain which differences betwéen magnifiers were
significant Tukey's test was applied to the results. In general,
magnifier I% is commonly worSe thun some or all of thé others to

an extent giviné statiotical significance at the 1% or 5% level.

Differences between the other magnifiers are less distinct.

In this test the residual mean squares are used rather than the
interaétibns which are rather high due probably to the subjects in
each group having a wide spread about the mean value of P.D. or
phoria. The significénée indicated is~therefo£e only applicable

to the 16 subjects used. The full data is given in tables as Figs.61 and 64.

In no case is there a conflicting difference with the hypothesis that
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FIG 57 RESULTS BY MAGNIFIER i FOR 'BINOCULAR' OBJECTS - EXPT 4
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FIG 60 COMPARISON OF MAGNIFIERS IN EXPT 4.
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or thophoric and wide P.D. subjects tend to perform better on magnifiers
having a parallax error opposite in sign to those on which exophoric

and narrow P,D. subjects perform better.

Fig.65 shows in tabular form the near values and significant differences
found. The values of Fig.65 are calcul.ated as means of the four

mean values (Tikxy) obtained for each subject. The number of actual
sightings should be 8 for each type of object and 16 for all objects.—

Due to equipment failures affecting the horizontal objects more than

vertical some slight imbalance enters these results so that the mean

of the vertical and horizontal values does not always equal the mean
for all objects. Fig.66 shows graphs of thesevalues which are discussed

. ) TN | oWl . Aul . F\ “—&7(,;5_
further in Chapter 7. Sfalidical Suiticance s tdieated n has

* Sic(u\'*(cm—t’ D(:g;ll/\tnct. ok S% ‘wcl
x % Sgwihiast Df“évuw. a& b el
® * X .Siq vg(*(’(au’-"‘ Di“u/u«u at 0% (cw,\.
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FIG 61 STATISTICAL ANALYSIS FOR 'NARROW P.D.' SUBJECTS

Subject Nos. 26,27,32,33,45,46,48,51

Mean P.D., 62.2mm Mean Phoria 3.4 Exophoric

Source S.S. D.F M.S. M.S.R
Between Subjects 51.1517 7  7.3073 35.3
Bet. Magnifiers 2.8648 0.9549 4.62
Interaction 7.4226 21 0.3535° 1.71
Residual 19.8535 56 0.2068

TOTAL 81,2926 127
Between Subjects 55.8452 7 7.9778 27.9
Bet. Magnifiers 2.47178 3 0.8259 2.89
Interaction 13.9299 21 0.6633 .2.32
Residual - 27.4287 96 0.2857
TOTAL 99.6816 127
Bet&een Sub jects 46,8256 7 6.6893 25.7
- Bet. Magnifiers 3.0354 1.0118 3.88
Interaction 5.1058 21 0.2431 0.93
Residual 25.0186 96 0.26606
TOTAL 79.9855 127
Between Subjects 58.6017 7 8.3716 32.6
Bet. Maghifiers 4.4910 1.497 5.82
Interaction 11.2391 21 0.5352 2.08
Residual 24.6828 96  0.2571
TOTAL 99.0145 127
Between Sub jects 45,7315 7 6.533 17.8
Bet. Magnifiers 1.6695 0.5565 1.51
Interaction 9.0294 2. 0.43 1.17
Residual 35.3052 96 0.3677
TOTAL 91.7355 127
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FIG 62 STATISTICAL ANALYSIS FOR 'WIDE P.D.' SUBJECTS
Subject Nos. 28,29,30,31,47,49,50,52
Mean P.D. 65.6mm Me&n Phoria 3.7A Exophoria
Source S.S D.F M.S. M.S.R
Between Subjects 51.1517 7 7.3073 35.3 *kk
Bet. Magnifiers 2.8648 3 0.9549 4.62 *k
Interaction 7.4226 21 . 0.3535 1.71 *
Residual . 19.8535 96 0.2068
TOTAL 81.2926 127
Between Subjects 94,9289 7 13.5612 60.4 dkk
Bet. Magnifiers 4.3474 3 1.44901 6.45 *odkok
Interaction 7.0155 21 0.3341 1.49 N.S.
Residual 21.5731 96 0.2247
TOTAL 127.8649 127
" Between Subjects 101.1432 7 14.4490 70.8 * & ¥k
Bet. Magnifiers 4.5729 3 1.5243 7.47 *kk
Interaction 8.6383 21 0.4113 2.02 *
Residual 19.5909 96 0.2040
TOTAL 133.9452 127
Between Subjécts 93.5194 7 13.3599 53.4 k%
Bet. Magnifiers 8.6718 3 2.8906 11.6 *kk
Interaction 15.377 21 0.7323 2.93 kk
Residual 24,0248 a6 0.2502
TOTAL 141.5936 127
Between Subjects 105.6424 7 15.0917 80.5 *kk
Bet. Magnifiers 3.4159 3 1.1386  6.07 *kk
Interaction ©4,9589 21 " 0.2361 1.26 N.S.
Residual 18.0018 96 0.1875
TOTAL ©132,0190 127



I —

ALL
OBJECTS

“'MONOC!
- OBJECTS

'BINCC'
OBJECTS

VERT

- OBJECTS

i it i it et

HORIZ
- OBJECTS

FIG 63 STATISTICAL ANALYSIS FOR 'ORTHOPHORIC' SUBJECTS

Subject Nos. 26,28,30,31,45,47,46,48

Mean P.D. 63.1lmm Mean Phoria la Exophoric

D.F

Source S.S
Between Subjects 101.0372 7
Bet. Magnifiers . 6.0950
Interaction 10.1247 21
Residual 21,7790 96

- TOTAL 139,0359 127
Between Subjects 100.4087 7
‘Bet. Magnifiers 7.1884 3
Interaction 13.8189 21
Residﬁal 30.4143 96
© TOTAL 151.8303 127
Between Subjects 102.3960 7

' Bet. Magnifiers 4.1107 3
Interaction 8.5117 21
Residual 27.0630 96

TOTAL 142.0814 127
Between Subjects 103.5291 7
‘Bet. Magnifiers 13.3652
Interacfion 19,1644 21
Residual 28.2929 -96

TOTAL 164.3517 127
Between Subjects 101.7667 7
Bet. Magnifiers 1.1919 3
Interaction 9.0350 21
Residual 39.0567 96

TOTAL 151.0502

127

M.S.

14.4338
2.0316

0.4821

0.2268

14.3441
12.3961
0.6580
0.3168

14.6280
1.3702
0.4053
0.2819

14.7898
4.4550
0.9126
0.2947

14.5381
0.3973

0.4302

0.4068

M.S.R

63.6
8.96
2.13

45.3

7.56

2.08

51.9
4.86

1.44

50.2
15.1

3.10

35.7
0.97
1.06

229

% %k
* %k

*k

% %k
* kk

*k

*okok
*k

N.S.

* %k
* k%

% % %k

% kk

N.S.
N.S.



ity
oA

OBJECTS

FIG 64 STATISTICAL ANALYSIS FOR 'EXOPHORIC' SUBJECTS

Sub ject Nos. 27,29,32,33,49,50,51,52
Mean P.D. 64.6mm/Mean Phoria 6 A Exophoria

Source

S.S D.F M.S M.S.R
Between Sub jects 48.0703 7 6.8671  56.9
Bet. Magnifiers 2.0064 3 0.6688 5.55
Interaction 4.2122 21 0.2006 1.66
Residual 11.5759 96  0.1205
TOTAL 65.8648 127
Between Subjects 50,7467 T 7.2495 37.4
Bet. Magnifiers 0.7316 0.2437 1.26
Interaction 6.0320 21 0.2872 1.48
' Residual /18.5876 96  0.1936 '
~ TOTAL 76.0974 127
Between Subjects 46,5942 7 6.6563 36.4
Bet. Magnifiers 3.5979 3. 1.1993 6.56
Interaction 5.1321 21 0.2444 1.34
Residual 17.5465 96  0.1827
TOTAL 72.8706 127
Between Subjects 48,9130 7 6.9875 32.9
BetiMagnifiers 1.5350 3 0.5116 2.41
Interaction 5.7151 21  0.2721 1.28
Residual 20.4146 96  0.2126
TOTAL 76.5776 127
Between Subjects 51.5808 .7  7.3686  49.7
Bet. Magnifiers 3.2419 3 1.0806 7.2%
Interaction 5.6049 21 0.2669 1.80
Residual 14.2503 96 0.1484
- TOTAL 74.6780 127
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FIG 65 MEAN VISUAL PERFORMANCE VALUES OVER SUBJECT GROUPINGS
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

Introduction

The initial decision to use real magnifiers means that thé résults
mﬁst be evaiuated with care if unanticipated interactions are to be
séen; Obviously, the majpt unceftainty in the results of the experi-
méntal study iies in therésponse of the subjecté which rélaﬁes to
théif viéuai‘acuify; decision strafegy; motivation, etc. None of the
three measureménts usedvis involuntary. The visual comfoft score
assessmenf was regarded és a difficult question by'most subjects. The

measurement of disassociated phoria while entirely subjecfive was

‘uncertain with some subjects who had difficulty maintaihing a stable

value. The measurement of visuai perfprmanée Y€;1ded abéolﬁte values
which depended consideraﬁly on the subject's risk commifméﬁt. Some
sub jects waited until they were absolufély ceftain before moving the
jbysfick. Others were prepared to commit themsélves af an eérlier
sfage. ‘Hdwéver, the number ;f false reactions was very sﬁall; One
of two sﬁbjeéts commenfed that on some objects they could recognise
the orientation at an early stage but the dbject then deteriorated in

resolution before growing to the size which gave them confidence.

This sitﬁation means that the numbef of sightings and sdﬁjggts hasito _
increase if small involuntary effects are fo,bé detécted; .T$e
experience of this work éﬁggests ways in which these unstabié effects
may be reduced and these are considered in section 4 of this‘chapter.
With thelresults obﬁined it is evident that the visual perfbfmance of
a'particular subject on a given magnifier depends on at least theffour

visual aberrations suggested, on at least two physiological parameters
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of the subjects visual appafatus and furthermore on the interaction
bétween these. The physical interaction between binocuiar overlap

énd ihterpupilliar distance can be demonstrated by ray'tracing. The
interaction between disassbciated phoria and parallax error is'less
obvious but‘is'éeitainly suggeéted by the resuls; Other-ihteractions
particularly with,astigmgtism and curvature of field may well occur.
The relative impértaﬁce of these depends-on the design of the magnifier.
However , the desigher of magnifiers would like some generél guidelines
on how to obtain minimum delterious interactions of pogsibly mﬁtually

‘ cahcelling interactions in the true traditions of optical design.

At this point a working hypothesis is required which is generally

_in accord with these results and does not conflict with the known
phenomena of physiological optics. In the first instance, effects
with duration of viewing must be excluded.and descripfibﬁ‘sought of
the average situatidnvwith each magnifier. Although the fesults of
experiments 1 2 and 3 must not be put into conflict, thé main séurce
of data is obviously experiment 4. kIn particular use willbbe made of
those preéented in ‘Fig.65, pageisf ) where two magnifier parameters

and two subject parameters are involved.

The figures for visual performance tabulated there are mean values

taken over trials lasting 20 minutes. Although much work has been

done on responsé timés and threshold vaiues of the componeﬁfs of the
triad response,thé results of Fig.65 must be related ‘initially to
baverage‘visual response phenomena. It may be that such a simplification
departs too far from the real case and dynamic effects play a signifiéant
part. However, significant static effects were noted in Chapter 3

in the section =~ Ocular Adjustments with Visual Aberrations; and fhese

will be utilised as far as possible.
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Working Hypotheais

The results given in Fig.65 show a haximum difference in visual performance
.on'the magnifiers of about 0.5 to 0.6 seconds, which is roughly

eéuivalent to a contrast loss of between 10 and 15 percent if the

analysis of Chapter 6 Sedion 5 is accepted. Chapter 3 Section 3 reviews
what effects the three components of the triad respéhse have on

contrast threshold. The effect of pupil size is such that a change

ofIme'in diameter could, according toICahpbell & Gubish (1966)
(Fig.13, Page 62) give this Change in contrast at 0.35 to 0.25 cycles
.éef mm-on the film (7 to 4 cycles pef degree); Howéver, it is
difficult to see how a Chahge in pupil size of this magnifude could

be induced‘solely by different strengths of add-on prisms.

Campbell & Green (1965) obtained the results given in Fig.;4, Page 63
which sho& the effects of incorrect accommodation. A 10%_ibss in
Contrast Sensitivity at 9 cycles per degree might be expected for a
Q;S.Dioptres‘error in. accommodation. Unfortunately, this relates

only to a pupil size of 2mm while sizes of 4 to 5 mims were found in

practice in agreement with the results of Denny & Anthony (1974)
(Fig.15, Page 69). With the larger size of pupil the 10% loss would

be likely with about 0.2 dioptres error.

‘The effect of incorrect pointing of the eyes is reviewed on Page 64.
Although pointing error does cause a loss in visual acuifyj the Qmount,
required in both eyes, would almost certainly cause considerable.eye—
strain and the absence of this in the subjects replies suggests that
the most 1ike1y source of difference between the magnifiers of

experiment 4 lies in the accommodative response.

The factors governing accommodative response are reviewed in Section 4
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of Chapter 3. The major stimulus to accommodation is generally
‘regarded as being the convergence with the blur of the'ﬂrefinal
image as the ma jor secondary stimulus. ' The results of Fincham &
Walton (1957) given in Fig.l1l6 Page 72 indicate that under normal
conditionsithe accoﬁmodation shows a lag effecf at éonvergénces
grg#ter than 2 dioptres. Reference_to Fig.37, Page 170 shows that
most of the.imégery with the magnifiérs of expe¥imenf 4 lies between
2 and 3 dioptrés. Thus; we must expect an accommodatiye é;ror to
exist when subjects are usipg these mégnifiqg which will-ﬁg altered
for different convergence surfaces although other stimuli will also

affect it;

If these other stimuli are correctly assessed it should‘be possible
to construct a fur ther curvevbn the visual aberration plot, Fig.37

which indicates the Mean Aécommodative Response of subjects. Further-

more, it should be possible by assessing the difference between this

curve and the accommodation surfaces to estimate the Mean Accommodative

Error. Such an error should then relate directly to the reductions

in Visual performance.

Apartvfrom acﬁomﬁodétive lag under normal conditions Fincham & Walton
(1957) also found that without tpe convergence stimulus the accommodation
lagged even more. The convergence will therefore decrease the lag

when the subjects are fixating in-the binocular:overlap.A In:the

monocular regions close to the overlap the convergence action will

still have some effect as found by Hennessy and Leibowitz (1971)

Page 77.

When parallax occurs the accommodation will be pulled from the convergence

value toward the accommodation value as found by Fincham & Walton (1957)
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and shown in Fig.17 Page 73.

fhe greatest problem with the cohcept'éf a Mean Accommodative Response
drises from the work of Heath (1956) (Fig.18, Page 76) és the low
contrast and spatial frequency of the scene viewed via fhe magnifiers
probably reduces the amount of change shown by the accommodation as
differént barts of thevséene are viewed. ‘Thus, subjects who scan the
scene vigorously may achieve d different visual performaﬁce than those
_ Qho scan more slowly. . However, this effect should not show a large
difference with different add-on prisms. Until some monitor of
subjects! eye movements is added to thé.syStem aﬁd some greater
ﬁnderstanding as to how this affects the accommodative response it

is not possible to include it in the analysis. Ihe Mean Accommodative
ReSpqnse approach assumes that the same Mean AgcdmmodatiQe Error
.pfodﬁces the samé drop in visual performance,'but obviously, a iarge
range of the error could still give a small mean error if it spread
“equally in front of and behind the accommodation surface of the

magnifier.

Accepting'thesé limitations, it is possible to infer these general

guidelines for the Mean Accommodative Response.

1. It attempts to follow the accommodation surfaces of
the magnifiers but is generally further away.

2. It is influenced murkedly by the convergence surfaces
over the region of the binocular overlap and to a
decreasing extent outside this region.

3. When parallax is evident within the region of binocular
overlap a compromise value of accommodation is adopted.

Two further guidelines can be inferrcd which relate to the physiologic al
parameters of the subjects.
4. The greater extent of the binocular overlap for subjects

with narrow P.D. means that the convergence surface effect
is felt over a larger .area. : , _

Y
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5. Subjects who are exophoric when disassociated will
tend to adopt a higher value of accommodation under
conditions of parallax error.
This last point is somewhat tentative. Further work along the lines

of Fincham & Walton's (1957) study is required on a large number of

subjects so that any interaction can be estimated.

Taking theée guidelines and the results for the subjects divided
according to P.D. and viewing objects in the 'monocular' and 'binocular'
regions of the magnifiers it is possible to modify Fig.37 so that the
convergence surface above the axis extend over the binocular overlap
region related fo narrow P.D. while the lower part shows the shorter

- convergence surfaces associated with wider P.D., This is shown in

Fig.67.

The_meaﬁ accommodation surfﬁce is drawn in red beween the vertical and
horizontal accommodation-surfaces being a full line for the ‘binocular®
objects and broken for the 'monocular' region. Obviously, this is

a somewhat arbitrary division and should change with P.D. However ,
the analysis method requirssindividual objects to be seen by all
subjects so the division into Binocular and Monocular is taken for a

"P.D. of 64mm irrespective of the actual limit for each subject.

In Fig.67, tﬁe situation wifh magnifier I is excluded partly for
clarity and partly because thig magnifier is generally the worst

of the four with little change with object or subjécts. The effects
© with magnifier f are shown with orange lines, those for G with green
and those for H with blue. The broken lines in each colour showing
the postulated Mean Ac;ommodative Response.

.

Thé binocular region resulls show that best performance occurs with

magnifier H for narrow P.D. subjects and magnifiér G for wide P.D. subjects.
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The F magnifier is nearly significantly worse than G & H for monocular
objects, narrow P,D. subjects while the H magnifier is significantly
worse for binocular objects, wide P.D. subjects. These are generally
shown up by tﬁe mismatches in these areas from thé red.Accommodation

Surface of the magnifier.

In general, most objects were recognised at locations close to the
limits of the binocular overlap. This places the emphasis on the
Mean Accommodative Error at these points. However, it should be
remember ed fhat the standard error on each visual performance value
is<id.15 seconds, approximately and one should guard against reading
too much into these figures. One method for testing the vaiidity

. of this approéch can be obtained from the analysis using verti;al and
horizontal objects. On Fig.68 the Mean Accommodative Response curves
are drawn identical with those of Fig.67, but the tangential and
sagittal accommodation surfaces are retained with the surface for
vertical objects shown as a red broken line while the dotted red

line is for horizontal objects. dnfortunately, the actual iocation
of each bbject at recognition is now spread over both the binocular
and the monocular regions although there is still an emphaéis at

the overlap limits. Comparing the Mean Accommodative Efrér distances
with the values obtained shows overall agreement but the wide P.D.
subjects are significantly worse for vertical objects on magnifier H
and the nariow P.D subjects are significantly worse for horizontal
objects on magnifier F. Neither of these would be predicted by the

curves.

If the same approach is taken with the subjects divided according to
phoria the results for ‘monocular’ and 'bindcular' objects are shown

in Fig.69. 1In this situation the length of the convergence surface

is the same in each subject category but the effect on accommodation
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is different so that the broken Mean Accommodative Response lines do
not meet on the axis. Once again it is possible to.draw lines which
give agreement with the values of Fig.65. When the same curves are
transferred to Fig.70 showing the vertical and horizontal object

curves the saﬁe sortbof general agreement is obtained but again the
curﬁes do not predic£ the.relative vertical and horizontal performances

of the exophoric subjects on magnifier F or the orthophoric on H

.although the latter values are too close to be distinguishable.
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Conclusions

During this study four particular visual aberrations have been formulated
and two parameters of the visual apparatus have been investigated.
Obviously, others may have an influence on visual performance particularly
with magnifiers having different amounts of the visual aberrations.

The effect in different parts of the field of view has only been

touched upon and the whole analysis has been confined to the horizontal

plane through the magnifier.

Within these limitations it has been shown that gross parallax error
generated for one type of object by astigmatism is reflected’'n a
reduced recognition ability of observers. With some magnifiers a

shift in the disassociated phoria of the observers is found and this

can be related to visual performance rather than visual aberrations.

Other effects with time include a difference in visual performance when
interrupted viewing is adopted which could suggest that any learning'
process adopted by the visual apparatus gives poorer visual response
while it is taking place. It is also possible to suggest that the
phoria shift is related fo the successdf the.learning process without

conflicting with these results.

Although fatigue effects were anticipated with high-powered magnifiers
very little evidence of this was found. No subject failed to complete
his trials and acknowledgement of minor headaches could only be

prised out of a few subjects.

When the effects of time are ignored by taking mean values of the
20 minute viewing time it is possible‘tp obtain a crude»explanafion

of the average visual performance values using the concept of a

Mean Accommodative Response surface located as suggested by known
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physiologiéal effects. The major problem with this is that it

fixes a single value to the accommodative response for any given field
-point. As it is known that accommodative response is influenced by

the immediately previous demands on the accommodation it may be necessary

to formulate a Mean Probable Accommodative Response which takeé into

account the effects of fixation shifts to each point in the field

from all other points in the field.

The anticipation effect found by Wildt et.al (19?4) (Page 78) also

needs to be included. This effect would explain a general learning
effect if the visual aberrations are too small to give conflicing stimuli
or gepgral eyestmin. It. could also support the results of Expt.2 where
interrupted viewing seemed to destroy the effect. Wildt et.al reported
that some confusion could be generated in subjects and the 'worse before
4better' effect of Expt.2 might possibly be related to this.

Pending the somewhat intimidating amount of work to supply evidence

and figures for these last two concepts, the Mean Accommodative Response

leading to the Mean Accommodative Error is the best candidate so far
for a Merit Function for use in the auto-d=sign of biocular magnifiers.
The next section suggests areas of work required to allow calculation

of this surface from the optical parameters of the design.
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Future Work

At the outset of this study the greatest concern lay in the possible
fatigue-generating characteristic of high-powered magnifiers. As the
work progressed it became apparent that visual fatigue was not a major
problem even on trials 1a§ting 80 minut;s. In the search for criteria
to use when designing magnifiersvthe interest shifted to visual
performance. The visual task had been designed fo maintain interest
in the event of fatigue. Howevér, the data reduction methods devised
still allowed a relatively accurate assessment of performance and the

interest of a real work scene is important when many subjects are

being used so that few of them have any sympathy with the investigation.

However, the meaning in optical terms of the extra time neededffor

recognition of the target is difficult to obtain with such a task.
Perhaps the major understanding to come from the study lies in the
ability to specify the sort of artificial visual abemations which
éhould be used to investigate the visual response to non-normal stimuli
using_kn@powered optical elements and actual pbjects in a laboratory
environment. Visual performance measurements using these could be

obtained over large numbers of subjects using a mobile laboratory

" to visit suitable inétitutions. Work of -this nature while not in

the higher echelons of research is still very necessary and it is to
be regretted how rarely it is carried out in the field of'physiological
optics. Research studies on the chemical and physical properties of

new materials is a common practice in the technology-related sciences.

As well as visual performance measurements, direct measurements of the
visual response to non-normal stimuli must be undertaken. At the
same time it is clear that accommodation is the component of the

triad response which should be monitored. This is not easy to carry
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out objectively and no subjective method would give a sufficiently

fast respénse or sufficient accuracy. Existing infra-red optometers
are limited to a particular line of sight aad require tracking if

the effects of fixating different parts of the field are to be
investigated. It is_possible that a sufficient accuracy of trackiﬁg
in the horizontal plane through the_magnifier may be obtainable froﬁ

the EOG potentials from the subject.

The future work therefore divides into four areas using real magnifiers
or simulated aberrations and making psycho-physical or physiological
measurements. These should be aimed at understanding the accommodative
response and in establishing that correctness in this response relates
to better\visual performance. Specific values are best obtained

from the results of ghapter 6 applied to the particular experiment
chosen.The range of work is best presented by the following two lists.
The first suggests types of magnifier and simulated aberration while
the second sﬁggeéts péycha—physical and physiological measurements
which may be made. As almost any magnifier/aberration can be studied

using any method of measurement there are 24 possible experiments!
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Magnifier (A)/Aberration Simulation(B)

Al Existing magnifiers with small add-on modifications

giving stepped ranges of visual aberrations.
A2 : Wider field magnifiers with poorer overall corrections.

A3 Completely different magnifier designs giving different

mixes of aberrations.

B4 Curvature of field variants using low-powered

systems having replaceable field flatteners.

B5 Specific aberration conditions at the limits of the

binocular 6verlap.
B6 Very large (100%) binocular overlap systems.
Measurements - Psycho-physical (C)/Physiological (D)

C1 Visual performance measurements on objects increasing

in contrast but not in size.

c2 ' Visual performance for traversing objects in

different parts of the field.

D3 ' Monitor accommodation with tracking eye movements

as well as fixation shifts.

D4 Monitor pupil size with fixation in different parts

of the field.
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GLOSSARY OF TERMS

(coined or used specifically in this thesis)

Accommodation Surface - ' Page 30
That surface in the image space of a magnifier to which an eye
must accommodate for best visual acuity. See Visual Aberrations.

Astigmatism (Visual) : Page 41

. The difference between accommodation surfaces for vertical and

horizontal objects. See Visual Aberration.

Binocular Overlap Page 41
The region of the field of view or image which can be seen
with both eyes, measured in angular or linear dimensions

respectively. See Visual Aberration.

Biocular ; Page 11
‘Ad jective describing a single optical system designed for two

eye viewing.

Convergence Surface Page 30
< That surface in the image space of a magnifier to which the eyes
must converge to obtain fusion. See Visual Aberration.
Curvature of Field (Visual) . Page 41

The change in accommodative surface with field position.
See Visual Aberration.

Disassociated Heterobhoria . ' Page 95
- As normally defined but restricted in this study to measurements

at 50cms viewing distance.

Interpupiiliary Distance Page 161

. As normally defined and measured with relaxed convergence.

Magnifier Module | page 161
.Framework carrying rear-projection screen and photo-celis
to which specific magnifiers may-be attached at their normal

conjugate with the screen.
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GLOSSARY OF TERMS

(coined or used specifically in this thesis)

Accommodation Surface - Page 30
That surface in the image space of a magnifier to which an eye

must accommodate for best visual acuity. See Visual Aberrations.

Astigmatism (Visual) : Page 41
. The difference between accommodation surfaces for vertical and

horizontal objects. See Visual Aberration.

Binocular Overlap Page 41
The region of the field of view or image which can be seen
with both eyes, measured in angular or linear dimensions

respectively. See Visual Aberration.

Biocular ' Page 11
Adjective describing a single optical system designed for two

- eye viewing.

Convergence Surface Page 30
- That surface in the image space of a magnifier to which the eyes

must converge to obtain fusion., See Visual Aberration.

Curvature of Field (Visual) . Page 41

T rhoanaa 40m ArrAammadndivn cuenfarma wibh £FIA1A mAnidlan

F /Number !Page_23
Although numerical aperture terminology is more applicable
to these lenses F/Nos are used. F/0.5 is eguivalent to ‘
N.A.lL for aplanatic lenses where the relevant pupil is

spherical.

Framework carrying“réar—projection screen and photo-celis
to which specific magnifiers maf be attached at their normal

conjugate with the screen.
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Mean Accommodative Error Page 236
Difference between Accommodation Surface of Magnifier (or
Sagittal or Tangential Surfaces) and the Mean Accommodative

&

Response.

Mean Accommodative Response Page 236
The mean state of accommodation for a given field point over
multiple fixations of that point during normal usage of

a magnifier.

Mean Probable Accommodative Response , Page 246
As Mean Accommodative Response but including an indication of

the range of variation of the Mean Accommodative Response.

POD.
see Interpupilliary Distance.

Parallax (Visual) ' Page 41
The difference between the accommodation surface or surfaces
and the convergence surface. See Visual Aberration.

Phoria Page 103

Used as abbreviation for Disassociated Heterophoria.

Phoria Shift
The change in value of Phoria of subject obtained before and

after a trial.

Registfation Film . Page 123
Specific film carrying stationary image of resolution chart

and format lines. Used to set up apparatus with running projector.

Sagittal Surface . Page 42
Best Accommodation Surface for light rays in a plane through
the pupil of the eye and the fixation ppint which is orthogonal

tc the tangential surface. (See Visual Aberrations).

Sub-Trial : ' Page 175

Five minute viewing period.
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Tangential Surface Page 42
Best Accommodation surface for light rays in a plane through
the pupil of the eye and the fixation point and also containing

the optical axis of the magnifier. (See Visual Aberration)

Trial Page 175
Continuous period of viewing (usually 20 minutes)

Visual Aberrations Page 41 et seq.
A scheme of magnifier defects related to the occular
ad justments which has been defined and developed for the
restricted case where the eyes of the observer are located
symmetrically in a horizontal plane through the optical axis

of the magnifier.

See Accommodation Surface
Astigmatism (Visdal)
Binoéular Overlap
Convergence Surface
Curvature of field (Visual)
Parallax (Visual)

Sagittal Surface

Tangential Surface

Visual Comfort (Discomfort) Page 111
Subjective State of Eyes

Visual Complianee 5 Page 111
Alteration of range or rest states of adjustments of the

visual apparatus.

Visual Task A Page 130 et seq.
A dynamic scene presented to subjects from whom a deliberate

response is required.
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