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ABSTRACT.

The study commences with an introduction of available data on
pointing accuracies to artificial sharp and blurred targets, and a
discussion of some aspects of the physiology of the visual system which
may influence these accuracies. A general description of the visual
system, visual acuity and aspects of physical stimuli which may affect
acuity are then given. Based on the assumption that the visual system
behaves linearly over limited luminance ranges, two estimates of the
spread function of the visual system have been derived. Convolutions
of these spread functions and target luminance profiles have been
carried out to investigate the criteria used by the visual system in
pointing to sharp targets. These criteria are similar to those

derived in a previous work,

An instrument has been constructed to test pointing accuracies
for blurred targets. Observations on this instrument indicate that
for target blur above a specific level, which depends on width of annulus
of the target, pointing accuracies are primarily dependent on the grade
of the density profile of the target and secondly on annulus width.
Below this specific level of blur, pointing accuracies are dependent
on annulus width alone. Background density has a negligible effect

in pointing accuracies.

A technique has been devised for eliminating the systematic errors
inherent in the observations. This entailed centering the MM on the
target from two mutually opposite directions. A dove prism was used
to rotate the image of the measuring mark and target, such that the
measuring mask always appeared to move in the same direction. The

mean of measurements from mutually opposite directions gave a correct
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estimate of the target centre.

Based on results in this study, the optimum size of ground targets
to give maximum pointing accuracies has been found to be approximately
2,5 times the scale number of the photograph times the o-width of the

spread function of the photogrammetric system,
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PREFACE.

Practical photogrammetry requires the determination of photograph
or model coordinates using photogrammetric instruments for a variety of
purposes, particularly in aerial triangulation, and numerical relative
and absolute orientation. Even with the introduction of automation
into some aspects of photogrammetry, coordinates of control points
must under normal circumstances, still be carried out by human operators.
The capabilities of the human operator may therefore be an important
factor in determining the ultimate accuracy of the photogrammetric

process.

Very little is known about accuracies which can be obtained in
the visual task of coordinate determination, termed pointing. This is
despite the fact that considerable research has been carried out on
many aspects of vision. Pointing, however, is a task specifically
related to photogrammetry, surveying and similar fields of metrology.
I'ts accuracy is a function of the acuity of the visual system, and may

vary under different visual conditions.

The purpose of this research is to investigate monocular pointing
accuracies ({using a black circular measuring mask) of circular targets
with blur characteristics and background densities similar to those
which occur in photogrammetric practice. Experimental results
derived from this study may be related to existing knowledge on the
visual system, so that factors affecting pointing accuracies may be
better understood. Such investigations should ultimately lead to an
improvement in the design of the shape and size of ground signals and

hence an increase in accuracies of location of the photographed signals.

Since these investigations involved the use of terms outside the

field of photogrammetry, that is, terms related to the physiology of the



visual process, psychophysical testing of visual tasks and optical
image transfer theory, a glossary of terms (marked thus+) has been

given at the conclusion of this work.

The study has been carried out under the supervision and guidance
of Professor P.V. Angus-Leppan of the Department of Surveying, and
Dr. G. Amigo of the Department of Optometry, to whom the writer is
very grateful. The writer would also like to express thanks to
fourth year Survey students (1969) and observer A.H. Campbell, who

spent many arduous hours observing the artificial targets.
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1. EXPERIMENTAL DATA ON POINTING.

1.1 Introduction.

The measurement of photograph or model co-ordinates in aerial
triangulation involves pointing to photographic targets with a measuring
mark. Pointing is, in effect, the task of centering a dark, circular
measuring mark on a bright, roughly circular target. Such targets can
be either photographed premarked ground points, or artificial pricked
points in the emulsion of the photograph. Under magnification, the
edges of these targets appear blurred and ill-defined. Each step in the
formation of the photographed images of premarked ground points adds to
the degradation in the quality of the images. Some of the causes of
degradation are atmospheric effects, image movement, imperfection in the
camera lens, blurring effects of the emulsion, and granularity. The
edges of pricked points are also ill-defined, mainly due to physical factors
in their formation. A full study has been made on pricked points by
Hempenius (1964, 301-314). Pointing therefore cannot be considered as
simply centering one sharp circular measuring mark on another. The
additional factors of unsharp edges, variable contrast around the target,
photographic grain and non-circular target shape, all add to difficulties

in the pointing task and consequently lower the accuracy.

In photogrammetric practice, an estimate of accuracies in pointing
to such targets using photogrammetric instruments with an optical magnification
of 10x is about 3 - 4yu. In contrast with this figure, some stereocomparators
are capable of pointing accuracies of 1 - 2 microns. On the other hand,
the accuracy to which we should ultimately aim according to Schmid (1964)
is 1 micron or better. Investigations aimed at closing the gap between
present and desired accuracies must analyse all aspects of aerial photography,
measuring equipment and techniques, in order to develop a set of circumstances
which will combine most efficiently to produce the best possible pointing
accuracies.

Since the human eye is a basic factor in pointing, any research must

incorporate investigations into its characteristics and capabilities.



However, the eye is only a part of the visual system. Images projected

onto the retina of the eye are transmitted to the brain where processing

of size, shape, colour and density is carried out. Psychological, in
addition to physiological factors may therefore be involved (Hempenius, 1968).
Studies on the eye and more generally the visual system have been carried out
by physiologists very extensively over the last 30-40 years. However, when
it comes to searching for results of experiments on tasks similar to those
occurring in photogrammetry, almost no information exists. In addition,
since visual performance proves to be strongly dependent on visual conditions,
and the actual task involved, little can be drawn from experiments which are
unrelated to the pointing task. Generally physiological investigations do
not involve the very high accuracies aimed at in photogrammetry. The
problem, therefore, is one which is basically peculiar to photogrammetry.

It is for this reason, that photogrammetrists must approach the fundamental
problem themselves, backed by sufficient knowledge of physics, and the
physiology and psychology of the visual process.

1.2  Available Data on Pointing.

Two sets of experiments on pointing will be cited in this paper.
O'Connor (1962) investigated monocular and stereoscopic pointing to sharp and
blurred targets of different sizes, using a number of different measuring
marks. These experiments which were made on Wild STK1 and Zeiss Pulfrich
Stereocomparators, revealed that monocular pointing accuracies were linearly
related to the width of the annulus between the edges of the target and
the measuring mark, above a certain width of annulus, and constant below
this level. The level of constant pointing accuracies became greater as
the image quality deteriorated. Hempenius (1964, 318) has given
comprehensive graphs of these investigations plotted on logarithmic scales,
with the annulus and pointing accuracies expressed in terms of angular
subtense at the eye, in radian measure.

Subsequent experiments by O'Connor (1967) have been carried out on
monocular pointing accuracies using special instrumentation and very sharp
targets of high to low contrast. The instrument had no optical elements

as did the stereocomparators, except for two reflecting mirrors. This
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allowed him to use targets with edges of the utmost sharpness, since the
instrument had a minimum effect on the quality of the image viewed. In
addition, the least count of this instrument was considerably smaller
than that of the stereocomparators used in the first experiment. The
second series confirmed his belief that capabilities of the visual system
in pointing to sharp targets, were considerably better than the least

count of stereocomparators in general use.

Investigations in his second series, were firstly made in terms of
one variable - the annulus size or 'edge ribbon" between the measuring
mark and target, i.e. keeping contrast and image quality constant.
Additional experiments were carried out substantiating the conclusions
already reached in the first series, that measuring mark (MM) sizes are
of minor importance in the determination of pointing accuracies
(0'Connor, 1502, s51). After the analysis in terms of one variable -
annulus width - a second variable, i.e. contrast of the target relative
to its background was added. Extension of O'Connor's investigations
could introduce additional variables, e.g. edge unsharpness and photographic

grain.

The experiments so far, have been carried out using ideal sharp targets
which are far superior in quality to those which occur in normal photo-
 grammetric practice. However, investigations have commenced from the
simplest situation with a minimum of variables. Based on this work,
additional variables may be added, thus bringing the investigations more

into line with practical conditions.

A further aspect that requires investigation is the systematic error
which occurs when centering the MM on the target. O'Connor has shown in
both his studies that systematic errors may be of the order of 3 to 4
times the standard deviation of the observations. They may be due to
either an overshoot or an undershoot, but aré usually constantly on the
same side of the correct position for each coordinate, and increase for
increasing annulus size. It is important for photogrammetry, and
metrology in general, that these systematic errors be studied and if
possible eliminated, particularly considering their magnitude, and their
possible effects on coordinate measurement, if targets with varying annulus

sizes are being observed.
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A summary of results of 0'Connor's experiments will be presented in

the following section,

1.3 Graphical Presentation of Data.

Figure 1.1 represents the results obtained by O'Connor in his two
series of experiments., In the first experiment, curves II, III and IV
were obtained whilst curve I is a summary of results in the second study.
The image quality of the targets corresponding to each curve has been
described qualitatively on the figure, as in Trinder (1965). The targets
for curve I are of the utmost sharpness. Curve II was obtained using
targets which would be described as "excellent" by photogrammetric standards,
while curves III and IV were obtained with targets of increasing degrees of
blur. The image quality of these targets may be compared with that of
photographed images of premarked targets. Cross-section profiles revealing
the image quality of these targets have also been presented by O0'Connor

(1962).

Figure 1.1 represents the pointing accuracies obtained in the x and
y-directions, expressed as standard deviations derived from repeated
observations, using measuring marks (MM) as indicated. The x-direction
is defined as that parallel to the eye-base, and the y-direction at right

angles to it.

The curves have been plotted on logarithmic scales with the annulus
or "edge ribbon'' between MM and target on the abscissa, and pointing
accuracy plotted on the ordinate, Each scale is graduated in angular
subtense expressed in radians. (1 min. of arc = 0.291 mrad = 291 urad;

1 sec. of arc = 4,85 urad.) The approximate size of the foveolia, the

most sensitive part of the retina and the minimum width over which all
small details are seen by the visual system, the spreaa function (SF), have
- been added. The angular subtenses of annulus and pointing error in

figure 1.1 have also been converted into a linear measurement, microns, for
a specific optical magnification of 10x in a photogrammetric instrument.

The interpolated curves in figure 1.1 are similar to those determined
by Hempenius (1964). However, the exact nature of the curves is uncertain.

For curve I, O'Conmnor (1967) has computed an exponential curve for annulus
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widths above 250 urad, and a straight line below this level. In this study
the exact path of the interpolated curve is not significant. Nevertheless,
there does seem some justification for the curve I given in figure 1.1,

since, as will be seen later, separate pointing criteria are involved over

each section of this curve.

Figure 1.2 shows the form of systematic errors measured by 0'Connor
(1967), which were only presented graphically. To demonstrate the manner
in which the systematic errors may vary with different observers, the results
obtained by two other observers have also been given. O0'Connor has not
discussed these errors in detail, as they were not the main object of his
study. From the experimental point of view, it should be noted that all
targets were approached from the right in x-direction, and from below in
the y-direction. In Chapter 7 it will be seen that a constant direction

of approach of the MM is important if reliable results are to be obtained.

1.4  Interpretation.

The four curves indicate that for large annuli, pointing accuracies
follow a linear relationship - 1 to 2% - with annulus width. For
decreasing annulus widths, pointing accuracies reach a constant level,
depending on the image quality of the targets. This constant level of

pointing accuracies is lower for higher target image qualities.

The relationship of 1 - 2% between annulus width and pointing
accuracies has been related to Weber's Law. Weber's Law is used in

various aspects of psychophysics, in the study of differential sensitivity

of human senses. It states generally that the ratio of

just noticeabl imul c .

Just not ceable stimulus constant. O'Connor has indicated that values
total stimulus

for the visual system vary from 1 - 2%, He has further proved that it is

possible to relate the task of equating areas or widths on each side of
the MM to Weber's Law. Stated in terms of pointing, Weber's Law can be

pointing accuracy

= constant. Inclined sections of curves
annulus subtense

rewritten as

I to IV are generally within Weber's Law in figure 1.1
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The results of pointing to the very high image quality targets in
curve I, figure 1.1, are of particular interest in that they reveal the
utmost capabilities of the human visual system. Pointing accuracies for
these targets reach a constant level, as they did with other targets,
but for a further decrease in annulus width, pointing accuracies again
improve reaching a final value of approximately 1 sec. of arc (5 urad).
This figure is equal to the best results obtained in any acuity test on
small well-defined objects. It is worthwhile noting in regard to
the efficiency of the human visual system, that the minimum size of
receptors in the retina is approximately 20 sec. of arc. Pointing
accuracies which are 1/20 of the size of the retinal receptors are
therefore possible provided the image quality of the targets is very

high.

Attempts to explain the complex pattern of pointing accuracies
outlined, particularly the constant sections, have so far been
concentrated on curve I, since the targets used in its determination

contain the least number of variables.

O'Connor in his second study proposed that pointing accuracies
for small annuli are dependent to a great extent on the neural activity
in the visual system. Such an approach has led to no concrete
conclusions. However, because of the importance of the effects of
neural activity in vision, the most apparent visual effect, Mach bands
will be described in the following section,

1.41 Mach Phenomenon.

As explained by O'Connor (1967, 41) when a one dimensional
luminance distribution is viewed by an observer (e.g. parallel bright
and dark areas separated by a transitional area), a bright band

apparently brighter than the original pattern is seen along the edge of

the bright region. Also, along the edge of the dark region, a dark
band is seen, which itself is darker than the original pattern. These
bands are called Mach bands, shown schematically in figure 1.3. A

number of investigations have been carried out on the width and intensity

of these bands, and are described by Ratliff (1965).



= X

FIG.1.3: Schematic representation of Mach bands,
indicating the influence of the gradient of

the profile on the appearance of the bands.
(Ratliff, 1965, 59 )
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For small photogrammetric targets the size of the luminance
distributions of the annuli are in the order of 1 mrad or less.
Experiments on this type of profile have been carried out by Charman and
Watrasiewicz (1964) and Watrasiewicz (1966). They found similar bright
and dark bands, but in addition, at ieast one smaller secondary dark band
adjacent to the luminance intensity change. Also, as the contrast between
the light and dark areas decreased, the secondary bands disappeared, but the
contrast of the observed pattern became accentuated. According to
Watrasiewiez (1966, 501) at a contrast similar to that in O'Comnor's (1967)
targets with 0.3 background density, this accentuation was as much as two-fold.
Such an accentuation in the apparent contrast was noted by O'Connor in
observations of low contrast targets. It is also noteworthy that
Watrasiewicz found that the Mach bands disappear completely for retinal
illuminances  below 15 trolands. This is equivalent to a target luminance”
of approximately 0.7 milliLamberts (mL), for a pupil diameter of 3 mm, ignoring

the Stiles—Crawford+ effect.

1.5 Qutline of Investigations.

Theories based on neural effects at the edges of the targets and the
Mach phenomenon had resulted in no definite conclusions. Trinder (1968)
therefore adopted a different approach, whereby the image of the annulus
actually seen by the visual system was investigated for the purpose of
finding some correlation between this image and pointing accuracies.
The spread fuhction,+ which is the blurring effect of the visual system,
was convolved® with the luminance profile+ of the object, to derive the
luminance profile seen by the observer. A number of conclusions on the
geometry of the visual image resultea from these investigations. In
general, the profile of the visual image was analysed in terms of widths,
slopes of the flanks and maximum values, and correlations were found
between these properties and pointing accuracies.,

These investigations did not include the effects of neural activity
which may prove significant under certain circumstances. This work

in Chapter 3, however, will extend studies on the visual image, to include
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some effects of neural activity. Estimates of this activity will
be based on the existing limited knowledge of the visual system derived

by physiologists and neurophysiologists, as described in Chapter 2.

Extending the experimental work on pointing, a full series of
observations has been carried out on blurred targets of varying degrees
of blur, background densities and sizes. The effects of these variables
on both the standard deviations and systematic errors have been studied
in Chapters % and 7. Finally, based on the findings on systematic
errors an observational procedure, as described in Chapter 5, has been
proposed, which will lead to the correct location of the centre of the
target and thereby eliminate the systematic error. This procedure
entails optically rotating the image seen by the observer, such that
movements of the MM against the target are always apparently in the same

direction.
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2. THE VISUAL PROCESS AND VERNIER ACUITY.

2.1 The Physiology of the Visual Process.

2.11 Introduction.

A study of the ability of the human visual system tec carry out

pointing, must include an understanding of the basic visual processes.
O'Connor’s (1967) work contains a very detailed study of the physiology

of the visual processes, together with adequate diagrams and references.

A duplicate description therefore will not be given in this study.

However, for completeness, it is fitting to include a summary of O'Connor's
work, which in fact has been collected from a large number of papers and

texts on the subject.

2,12 The Eye.

The eye is the optical element of the visual image, forming images of

objects on the retina at the rear of the eye, via the lens. Normal eye
optics follow the refractive laws of light, such that images on the retina
are real, inverted and diminished in size.

The aperture of the eye, or diameter of the pupil, is controlled by
the iris, and may vary from 1 to 8 millimeters, depending on the intensity
of illumination. An approximate relationship between aperture and the
level of illumination incident on the eye is given by Walsh (1953, &65).
Quality of the image on the retina varies according to the size of pupil.
Gubisch (1967, 408) gives examples of image qualities of the eye for thc
different pupil sizes in terms of the point spread functions, indicating
that the pupil diameter for best imaging quality is approximately 4 mm.

It is interesting to note the variable nature of the optical
performance of the eye, which depends on pupil size, and therefore
intensity of incident illumination. This is in contrast to normal
optical systems, which perform in exactly the same manner over a wide range
of luminances.

2.13 The Retina.

The Retina, composed of discrete minute cells, allows simultaneous

reception and transmission of the incident light. In the light receptive
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cells, that is, the rods and cones, stimulation by the incident

light is carried out by means of a photochemical process. Impulses are
then transmitted from the rods and cones to the bipolar cells, which

are intermediate cells connected to the ganglion cells. Additional cells,

called the association cells, whose function is uncertain, are also found

in the retina.

There are two main zones in the retina - the central area, and the

extra-areal periphery. For normal fixation, the eyes are turned so that

the observed objects are concentrated on the central fovea, within the
central area. The central fovea is a small concave depression in the
vitreal face of the retina, whose total angular width is approximately
5° (90 mrad). The floor of this depression, known as the inner fovea
(Davson, 1963, 85) or foveola, is the rod-free area of the retina. It
is the portion concerned with the highest degree of visual acuity, and

therefore of most interest in pointing.

The population of light sensitive rods and cones and the character
of the cells themselves vary, depending on their location. Cones are
generally characterised by high contrast threshold, colour vision and
high acuity. On the other hand rods, which are located away from the
centre of the retina are of low acuity, but allow detection of low
luminance levels, particularly because of the diffused connections which
exist between rods and ganglion cells. This leads to a summation of

stimulation of many rods onto the ganglion cells.

2.14 The Neural Passage to the Brain.

Messages from the retina are transmitted to the bi@in via the
optic nerve. A number of different types of nerve fibres constitute
the optic nerve, but detailed knowledge is not available. The bulk
of the fibres are visual fibres which conduct impulses from the ganglion
cells in the retina. The optic nerve tracts from each eye lead
through the optic chiasma into the left and right geniculate bodies,
known together as the Lateral Geniculate body. O'Connor describes
them as the relay stations for transmitting impulses to the brain.

In passing through the optic chiasma, the nerve fibres originating from
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the nasal part of the retina of each eye cross to the opposite
geniculate bodies, while the fibres originating from the temporal part
of the retina at each eye remain uncrossed. This process is called
semi-decussation. The visual fibres finally pass from the geniculate

bodies to the occipital cortex, which is the end of the visual path.

The exact connection between cortical cells and optic fibres is
unknown. However, O'Connor indicates that form, contour and space
perception are significant features of processing in the cortex. In
addition, the cortical image does not represent a precise "image' of
the object, because greater emphasis is given to impulses arising from

the fovea than from the remainder of the retinal area.

Subsequent processing, involving many psychological processes, as
well as connections with other sections of the brain, undoubtedly takes
place as a result of the stimulation of the occipital cortex. This

subject is outside the scope of the present study.

2.15 Processing the Visual Information.

After the transmission through the optical media, light is incident
on the retinal rods and cones, causing a bleaching of the photochemical
substance at the surface of the cells, and giving rise to electric
impulses within the cones. The neural connections between the retinal
cells are extremely complex. Generally speaking, connections between
cones or rods with bipolars differ, depending on their location in the
retina, Connections of rods with their bipolars, particularly in the
periphery of the retina, are diffused and therefore lead to a summation
of the rod impulses in the bipolars. Inter-connections between the
bipolars may be further diffused by dendrites of the bipolars themselves,
such that considerable reciprocal overlapping between cell connections
takes place, leading to a much larger group of bipolar cells being
affected by the group of rods. Further overlapping may also take place

between the ganglion cells.

Couplings of cones onto bipolars, outside the foveal area lead to

similar overlapping. For the foveal cones however, couplings between



-15-

cones and their bipolars are at a minimum. Pirenne (Davson, 1962, 177)
indicates that foveal cones have single line connections with the
occipital cortex, but also states that the same cones may have connections
with other retinal cells as well, This means there may be single-cone
and multi-cone units in the fovea. Granit (Davson, 1962, 547) states
there appears to be one foveal cone to three bipolars and throws doubt

on the exact nature of conal couplings. Nevertheless, conal stimuli

do appear to be transmitted to the occipital cortex with a near one-to-one
relationship between cones and subsequent retinal and geniculate cells
{Polyak, 1948),( Dawson, 1963, 319). This point will be referred to

in sec. 2.4 with regard to vernier acuity.

Inhibition+as defined by O'Connor (1967, 171) is the depression
of the response to illumination of a given receptor by the stimulation
of the neighbouring receptors. The occurrence of inhibition in vision
as well as in other senses, and indeed also in the less developed forms
of eye, e.g. the compound eye of the crab, Limulus, is well known.
Theoretical models have been devised to explain inhibition based on
knowledge of Limulus (Ratliff, 1965, ch. 3). Considerable speculation
however, exists on the exact manner in which inhibition may occur in
the human visual system. It may be through interaction between
neighbouring retinal cells. Though it seems possible to explain it
in an approximate fashion based on the experiments on Limulus, a clear
understanding of the neural networks involved is impossible at present.
Indeed, it seems clear that the human visual system cannot be described
by a simple formula, and in such work there is the danger of attempting

to oversimplify the processes involved.

In the lateral geniculate body it seems possible that some compression
of information, or even discarding of information may also occur. For
instance, Dawvson (1963, 320) indicates that inhibition may be further
reinforced in the lateral geniculate body. The neural processes within
the six layers of the lateral geniculate body and subsequent passages to
and connections in the occipital cortex are extremely complex and diverse,
To date, even though considerable knowledge is available on the functions

of the various sections of the visual system, the exact manner of
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functioning of and detailed intricate interplay between various sections
is not known. Tentative proposals only exist on some of these aspects

of vision.

As emphasised by O0'Connor, preoccupation with the retinal mosaic only
must be avoided. The complete visual system must always be considered
when carrying out visual studies. Though detailed knowledge is
unavailable on some sections of the visual system, the aspects which are
well established e.g. interconnections between retinal cells, and their

associated effects, such as inhibition must be recognized and included.

The studies in this work will attempt to take cognizance of the
various factors in the visual process. Work carried out by a number
of visual scientists, which in fact contains some simplifying assumptions
will be adopted. In the following sections, the various types of visual
acuity tasks will be introduced, together with some physical factors which
may affect acuity results. Following this, a theory will be presented
to explain vernier acuity, and some aspects of vision which may influence

vernier acuity will be discussed.

2.2 Visual Acuity.

2.21 Introductione

Visual acuity is the capacity to discriminate fine details of objects
in a field of view (Riggs, 1965, 321). The clinical procedure for
testing visual acuity uses standard test objects of known size for gauging
the performance of an observer against the norm. The gap in the
Landolt C+, for instance, has a known dimension and its recognition is one
measure of visual acuity. The minimum recognizable gap determined by
repeated observations gives a measure of the visual acuity of the observer.
Generally however, acuity will depend on the type of acuity task involved.
These tasks are presented in the following sections

2,22 Detection, Minimum Visible, Absolute and Relative Thresholds.

Detection requires a statement by the observer that an object is or
is not visible. Such a task involves minimum visual effort on the part

of the observer.
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Absolute Threshold is the minimum light stimulus necessary to evoke

the sensation of light (Davson, 1963, 94). It must be measured under
dark adaptation conditions, and will decrease to a minimum as the duration
of adaptation to darkness increases. The minimum value will be

approached when the dark adaptation period extends beyond thirty minutes.

The absolute threshold may be given in terms of retinal illuminance
derived from target size and luminance. For point sources of light of
long duration, it may be expressed as the number of quanta per second
required to evoke the sensation of light. When the stimulus is a point
source of short duration (less than 0.1 sec) the threshold, termed the

"minimum visible threshold" is measured as the total quanta of light

entering the eye. Observations carried out in photogrammetry are based
on above threshold levels of illumination, and therefore it is unnecessary

to consider absolute thresholds.

Relative or differential thresholds involve the measurement of the

amount an existing stimulus must be increased for it to produce a change
in sensation. In measurements of differential thresholds, a background
field is kept at a constant level, while the luminance of a small test
object of long or short duration is varied. The threshold depends on
luminance of the background, and the size and duration of illumination of
the test object. Typical results of differential thresholds are shown
in Davson (1963, 97). Trinder (1968) proposed that pointing to targets
whose annulus widths are less than 250 urad, may involve a task of
detection, or discrimination of luminances on each side of the MM, and may

therefore depend on the differential threshold of the visual system.

Riggs (1965, 322) compares three types of objects which may be used
for testing visual acuity, based on absolute and differential
thresholds: -

(1) bright object against a dark background,
(ii) dark object against a bright background,

(i1i) low contrast object relative to the background.

(i) Bright objects against a dark background prove to be unsuitable
for testing acuity, because any very small object with suitable illumination

will be visible.
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The blurring nature of the visual system can be represented
by a spread function, which describes the shape and size of the image of
very small objects seen by the visual systen. Further discussion on
spread functions can be found in section 2.5. Since the image of all
small objects will take on the same shape and size, the apparent brightness
of the object will decrease as the object size decreases. Any object
will therefore be visible, provided the illumination is sufficiently bright.
Under dark adaptation conditions, this is equivalent to the absolute
threshold.

(ii) Dark objects on a bright background. Byram (1944) and
Fry (1955) have computed the light distribution in the retinal image of a
dark line based on the blurring characteristics of the eye. For a thick
line, the image is dark in the centre and graded at the edges towards the
bright background. For very narrow lines, the line becomes grey against
the bright background. The line will become invisible when the intensity
of the line appears the same as the background. According to Byram, for
long lines, only 1% difference in intensity between the image of the line on
the retina and its background is needed for visibility. Whether the
value of 1% is exactly correct is open to question, particularly considering
existing knowledge of the visual system (see Chapter 3). Measurements of
widths of dark lines show estimates of acuity of approximately 1 sec. of
arc (5 urad) subtended at the eye for long lines, and larger values for
objects of smaller dimensions.

(iii) Low contrast test objects. Similar treatment can be given
to low contrast targets, as is given in the previous case. The question
is whether the image of the target in the visual system of the observer
is of sufficient contrast for detection. One would normally expect that
for successful detection, low contrast objects would have to be larger than

high contrast objects.

2.23 Recognition.

Recognition of an object fequires more than simply its detection.
Some critical aspect of the target must be seen and used by the observer

to describe the object. Clinical tests use, for instance, the Landolt
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ring or C as a test of acuity. The subject must recognize the orientation
of the gap in the ring. Generally figures of 20 to 30 secs. of arc have
been obtained with this method, while slightly larger results have been

obtained with low contrast objects (Shlaer et al., 1942).

2,24 Resolution.

Resolution requires the subject to state if he can resolve a pattern
of parallel lines of a particular separation, e.g. black lines on a white
background whose separation equals their width. Tests have shown that
widths of black objects on a bright background must be in the order of

1 min. of arc (Senders, 1948) to be visible, under favourable conditions.

2.25 Localization.

Localization involves the discrimination of the displacement between
two sections of a test object. An example of this type of task is that
of vernier acuity, which is measured as the minimum visible displacement
between two sections of a line, as in a vernier. Acuities as little as
2 sec, of arc (10 prad) have been found in such tests, O'Connor (1962)
concluded that photogrammetric pointing is similar to the vernier acuity
task and indeed has obtained accuracies (0'Connor, 1967) comparable with

those of vernier acuity tests.,

2.26  Dependence of Acuity on Test Objects.

The four types of visual acuity tests listed above clearly indicate
the considerable dependence of results of acuity tests on the type of
test object. Though clinical tests normally adopt the recognition task,
rendering acuity results of 20 to 30 secs. of arc, detection and
localization give results in the order of 1 sec. of arc or less. It
therefore seems likely that different mechanisms in the visual system may
be involved in each task. Since pointing is a vernier acuity task,
discussion in future chapters will concentrate on mechanisms which may

affect vernier acuity.

Some of the physical factors which influence acuity will now be
discussed briefly, after O'Connor (1967). Since these factors are of a
general nature, their influence will tend to affect the different acuity

tasks similarly.
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2.3 Physical Factors Affecting Visual Acuity.

2.31 Illumination.

It is generally agreed that visual acuity improves with increased

illumination. Conversely, acuity drops significantly for low
illumination levels. O0'Connor (1967, 24) quotes 12 to 18 millilamberts
as a suitable range of luminances for observation. This range is

comparable with luminance values in photogrammetric equipment, and has

therefore been used for observations in this study.

2,32 Contrast and Blur.

Very little research directly applicable to photogrammetry has been
carried out in regard to contrast and blur. O'Connor (1967) has shown
that contrast has no affect on pointing accuracies of sharp targets except
for the small annulus widths. He also states (0'Connor, 1967, 26) that
it is generally considered blur has little or no affect on vernier acuity,
but has shown (0'Connor, 1962) that it does reduce pointing accuracies

for small targets.

2.33  Surrounding Conditions.

Most investigators have found that optimum conditions exist when the
background luminance is about the same as that of the target. Further,
it seems that disturbing effects around the target can affect results

significantly, though little is known on this point.

Flom et al. (1963) for instance, found that acuity measurements based
on the Landolt C dropped significantly when 4 bars were placed around the
C at different distances. The effect was most significant over a distance
of approximately five times the gap width in the Landolt C. No suitable
explanation was put forward, though it was proposed that the reduction in

acuity may be due to:-

(a) the effects of optical image spread in the visual system,
(b) interaction between the various objects at the neural level,
(c) psychological aspects involved in the conflict of tasks,

(d) eye movements.

Though such measurements cannot be directly related to vernier acuity tasks,

it is clear that disturbing influences in the immediate vicinity of the
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target may cause a significant drop in pointing accuracies.

2.34  Wavelength of Illumination.

In accordance with spectral sensitivities of rods and cones, acuity
is lower under red and blue light than under white, or under the mid-region
zone of the spectrum. White light was therefore chosen for the experiments

on pointing, and is generally used in most modern photogrammetric instruments.

2.4 Some Theories to Explain Vernier Acuity.

The very high accuracies which can be obtained with vernier acuity type
tasks (1/10th to 1/20th of the interconal distance), were known as early
as 1864 by Hering. While many attempts were made to explain this phenomenon,
it was not until 1923 that a suitable explanation was given (4ndersen and
Weymouth, 1923). Though some modifications may be in order, considering
present knowledge on vision, the proposals of Andersen and Weymouth are still
basically sound. Their explanation is based on the dynamic theory of
vision, which accepts that the involuntary micro—nystagmus+ of the eye are
an integral part of the visual process. As stated by O'Connor (1967)
modern dynamic theories consider the whole visual system as an integral
part, all sections conributing to the whole visual process. The previous
theories put forward to explain vernier acuity in general concentrated on
the array of receptors on the retina, and ignored the micro-nystagmus of

the eye.

Andersen and Weymowth (1923, 584) proposed that each cone receptor
in the fovea, has its own 'local sign' or distinctive influence in the
visual system. For cones to have their own local sign, they must have a
""one-to-one'" nervous connection to the occipital cortex. It is well
established that most retinal receptors do not have this one-to-one
relationship, but experts agree that for central foveal cones, anatomical

arrangement is very close to a one-to-one relationship (see section 2.15)

Firstly, the affects of the micro-nystagmus will be excluded. The
image of a straight, very narrow line on the retina will be blurred,

because of the imperfections in the optics of the eye. Many cones will
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be stimulated across the width of the blurred line, by varying amounts,
depending on the intensity of the blurred line at each cone. The local
sign of the affected receptors will therefore become related to the local
signs of neighbouring cells by virtue of their sharing in the reception

of the illumination of the line. Location of the line will be based on
the relative stimulation of all cones. In consideration of the fact that
the line will have length as well as breadth, considerably more receptors
will also be available for the location of the line along its length.

Length has been proved to assist in the location of such lines (Keesey,

1960, 774).

The eye, however, is known to move continually, leading to a
continual movement of the image over many more receptors on the retina,
The line may therefore be located very accurately based on the very large
number of cones stimulated during observation. Expressed in terms of
local signs, location of the line is based on a mean retinal local sign

determined from the local signs of a number of cones.

There is still doubt as to the full effects of eye movements on visual
acuity. Riggs et al. (1953) investigated the effects of stabilizing the
image on the retina. Detection measurements under these conditions

showed that visual acuity was improved for short duration targets (less

than 0.2 sec.). However for longer durations, the targets faded and
disappeared. Bryndahl (1961, 11) states that for grid type targets of
short duration, eye movements are detrimental to vision. Keesey (1960,

774) states that eye movements do not adversely affect vernier acuity over
longer periods of viewing, and claims that vernier acuity tasks are based

on the discrimination of the spatial pattern of illumination regardless of
any temporal changes of intensity in the receptor cells. The main
function of eye movements therefore appears to be in ensuring that light

is rapidly distributed over the receptor cells, thus avoiding fading of
vision as occurs in the stabilized image. Though some aspects of micro-
nystagmus movements are ill-understood, evidence seems to indicate that they

are not detrimental to visual tasks occurring in photogrammetry.

The explanation of Andersen and Weymouth (1923) is still basically
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correct. However, to be in line with modern knowledge of the visual
system, it must at least take qualitative account of effects of neural
processing of the visual system, particularly inhibition, which may have
considerable influence under certain critical circumstances. Accepting
the above theory as the basic explanation for pointing accuracies, an
attempt will now be made to investigate a satisfactory method for testing

the influences of inhibition on pointing results for small annuli.

The visual sensation of inhibition is explained most easily by
reference to the Mach phenomenon, as described in section 1.41. Mach
bands were not consciously seen by O'Comnor (1967) in his experiment.
O'Connor believes however, that the effects of the inhibitory processes
were still in action, though subliminally. The pattern of results
obtained in the pointing experiments cited, indicate a complex relation-
ship between annulus width and accuracy. Further investigations are
necessary on the geometry of the target, and its relation to the visual
system. Trinder (1968), using a spread function of the visual system,
investigated the shape of the luminance profile of the target seen by
the observer. Complex neural processes of inhibition, however, were
not included. The following section will investigate a more complete
spread function of the visual system than was used previously, to extend

these studies.

2,5 The Imaging Capacity of the Visual System.

2.51  Spread Functions (SF).

The concept of spread functions has been discussed previously
(Trinder, 1968). It was then stated that the imaging quality of all
optical systems could be described by such spread functions. A point
spread function (PSF) describes the nature of spreading of an imaging
system, for a fine point object, while the line spread function (LSF)
describes the nature of spread of an imaging system, for a very narrow
linear object. The shape of the image of any other object can be

determined using these spread functions.

As expressed in section 2.12,the SF of the optical section of the

eye varies with pupil diameter. In the case of the previous study,
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the form of the PSF for the visual system adopted was the gaussian function
f (x, y) = exp [-(x2 + y2)/20%],where x and y are in prad and o = 200 urad,
as shown in figure 2.2. This spread function clearly did not include

any effects due to inhibition. These effects will be investigated in

the following section, together with a discussion on the validity of the

application of SF's to the visual system.

2.52  Determination of a Composite Spread Function for the Visual System.

The imaging capacity of the visual system depends on two separate
sections which may be termed as the optical part, and the neural part.
The optical part refers to the system of imaging the light rays from the
cornea to the retina, while the neural part concerns the section from the
light sensitive cones and rods to the occipital cortex. The characteristics
of the optical part can be represented satisfactorily by a spread function,
for a given pupil diameter. If the neural part is to be represented in

the same manner, a number of assumptions must be made.

Some methods of determining the spread function of the optical part
have been summarized by Fry (1963, 95). The earlier methods were based
on the observation of images of line objects which were transmitted through
the optics of the eye and retina and reflected back. Corrections were
made for double transmission in the eye but no corrections were made for
the effects of double transmission through the retina, e.g. Westheimer and
Campbell (1962). Other determinations of the SF of the optical section
of the visual system are cited by Trinder (1968). Fry (1963, 95) states
that his early determinations of the LSF were based on the response to bar
type targets of different widths,but he points out that it is very likely
that his LSF's included not only the optical spread, but also the lateral
inhibition effects in the retina. He says that subsequent results of
LSF's which gave different results for different illuminations seemed to
support this fact; some workers called this effect the '"neurological
spread."

Recent determinations of the optical performance of the visual system

have resulted in the determination of the optical response to a sine-wave
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target, giving the Modulation Transfer Function. Since the modulation
transfer function (MTF) is the Fourier transform of the SF, the SF can be
computed by mathematical manipulation. Gubiseh (1967, 408) found the
PSF by this method, for a number of different pupil sizes. The PSF for
a pupil size of 4 mm is approximately a gaussian function with a o of

100 pyrad. This value is far superior to the values determined by
Westheimer and Campbell (1962) and Fry (1963), but Gubisch maintains that
the inferior values did not agree with high acuity results, and were

affected by limitations in experimental procedures.

Lowry and DePalma (1961), DePalma and Lowry (1962), Bryngdahl (1960)
and Patel (1966) have investigated the MTF of the whole visual systen.
Lowry and DePalma (1961) computed the MTF from subjective Mach band
patterns, based on an analysis of spatial frequencies. Bryndahl's (1960)
investigations were concentrated on lower spatial frequencies, which are
not attenuated by the optical part of the visual system. These tests,
therefore, isolated any effects due to the neural section of the eye.
Patel (1966) measured the threshold response of the visual system to
sine-wave targets of different spatial frequencies. This method was
also used by DePalma and Lowry (1962) who investigated both sine-wave

and square wave responses.

Ratliff (1965, 149) states that it is obviously impossible to observe
the effects of lateral inhibition directly. However, if the physical
light distribution, the subjectively observed light distribution and the
blurring effects of the eye can be observed, the effects of the neural
network can be deduced. In comparing the optical properties with
properties of the whole visual system, many researchers have realized
that there is apparently a rectification of the optical images, carried
out by the neural network, producing the final image as perceived by the
brain. In other words the quality of the image actually seen by the
observer is apparently better than that which would be obtained by the
optical part of the eye alone. This fact has led them to investigate

the visual process in more detail.
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The interpretation of results of experiments on the whole visual
system require Fourier Analysis techniques which are well established in
the field of Optics (Linfoot, 1965). Before these methods can be

applied, it must be assumed that the neural system will react linearly.

As explained by Lowry and DePalma (1961, 744) the spread function
must be invariant for any type of object pattern, keeping pupil diameter
and luminance constant. Patel (1966, 691) maintains that the good
agreement between his result, and those of Lowry and DePalma (1961) -
which were obtained by a different procedure - supports the assumption
of linearity. However, Marimot (1963) points out that this assumption
is immediately proved invalid by the asymmetry in the Mach bands. This
feature is further supported by the work of Menzel (1959), as quoted by
Ratliff (1965), who computed subjective luminance intensities from an
observed MTF. The computed profile produced a symmetrical pattern of
Mach bands inconsistent with reality. Ratliff (1965, 130) recommends
that the visual system can at best be assumed only ''piece-wise" linear,
since its performance will vary, particularly with object luminance.

This is generally in line with the assumptions made by Lowry and DePalma
(1961) and Patel (1966).

0'Connor (1967, 50) speaks of "several prominent non-linear stages"
in the visual process. For example:-
(a) the bleaching of the visual pigments is a non-linear
function of intensity at high intensities,
(b) there seems to be a logarithmic relation between the
amount of pigment bleached in the retinal cells and
the sensitivity of the visual process,

(c) saturation occurs in the human rod system.

In view of the adoption of a piece-wise linear system, and the
acceptance that the MIF's will vary depending on the retinal illuminance,
the effects of these non-linearities tend to be reduced. It is

believed therefore that an approximately linear system over restricted
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ranges is acceptable, keeping in mind the limited information available

about the visual process.

Ratliff (1965, 155) states that, although there are difficulties
inherent in the application of Fourier methods to the visual system -
especially concerning the neural part of it - tentative conclusions may
be drawn on the MTF of the whole system. He states that it increases
for increasing spatial frequencies, passes through a maximum, and then
decreases for the higher spatial frequencies. He also maintains that
this is in line with experiences in normal vision, where shallow gradients
and greatly rounded curvatures (containing lower spatial frequencies) are
seen nearly uniform, since the lower frequencies tend to be attenuated.
Moderate curvatures (containing moderate frequencies) are seen distinctly
by the visual system, while the very sharp and closely spaced curvatures
cannot be resolved. An example of the MTF derived by Lowry and DePalma
is shown in figure 2.1. By contrast, the MIF of the optical section of
the visual system is a maximum for low frequencies, and decreases for
high frequencies. An estimate of this transfer function is also shown

in figure 2.1.

Based on these conclusions, Ratliff derives a theoretical MTF using
a simplified model of the visual system, and obtains a composite spread
function of the visual system which is very similar in form to the
theoretical models of excitation and inhibition determined by a number
of different investigators, e.g. Fry (1963, 96), (see Ratliff 1965, Ch.3).
Patel also maintains that his LSF's for the different retinal illuminances
are conceptually similar to the SF's derived by Fry (1963, 96). There
is thus agreement on the general form of the SF of the complete visual

system, though the relative dimensions vary.

The LSF computed by Patel is as shown in figure 2.2. The
inhibitory system extends to approximately 8 min. of arc (2.4 mrad) away
from the centre of excitation, the maximum inhibition level being - 0.15
times the maximum excitation level. For comparison, the SF used by

Trinder (1968) is also shown in figure 2.2 Ratliff's SF derived by a
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two functions. 45 (v) is the Fourier Spectrum
of the subjective image distribution Ig(x) and
4,(v), the spectrum of the object intensity
distribution I (x) (Ratliff, 1965,153)
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simplified assumption on the neural networks (Ratliff, 1966, 132)

follows a form very similar to the (sine x/x) function. In figure

2.2, the [Eiﬂﬁ_f} function has been computed so that it follows that

of Patel over the excitation area, but deviates noticeably from Patel's
SF over the inhibition area. In fact, in addition to
inhibition, there is also a secondary area of excitation, which according

to Ratliff (1965, 132) may occur in the visual system.

From the above discussion, it is clear that assumptions on linearity
of the visual system are only approximate, and that any conclusions
reached using SF's must be guarded. Nevertheless, a number of workers
have been able to apply MTF's to the visual system, with some success.

At present, the full extent of the effects of non-linearities is unknown.
For the treatment of effects of inhibition on circular annuli, the most
satisfactory formulation of the excitatory and inhibition effects can

be found in the SF's. The technique of convolution of the SF's in
figure 2.2 and the target luminance profile, will therefore be adopted

as the method of testing the influence of inhibition on small annuli.

Before commencing with the computations, two further aspects of
vision which may influence pointing will be discussed. These are

luminance discrimination, and contour mechanisms in vision.

2.6 Visual Acuity as a Function of Luminance Discrimination.

The acuity tasks of detection as described in section 2.2 involve
the visibility of a target, and depend basically on the intensity of
illumination of the object, A number of investigators have analysed
detection in terms of the flux or quantity of light reaching the eye.
Lamar et al., (1947, 545) have made a number of conclusions in respect
of the necessary contrast required for the detection of targets. For
instance, for targets less than 2 mins. of arc (600 prad), the total
flux added to the background by the target for detectability is
constant., This simple reciprocal relationship breaks down however,

when one dimension of the target is greater than 2 mins. More flux
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is then needed for detection. For targets whose width is less than

2 mins., variations in width can be compensated by inverse variations

in contrast. Targets whose dimensions are greater than 2 mins.

become increasingly inefficient visually as they increase in size.

Lamar et al. proposed that for large areas, the visually critical region
of the target is the ribbon inside its perimeter 1 to 1.5 mins. wide.

The above conclusions are very complex, and further indicate the intricate

nature of the visual system. Similar conclusions were made by Fry (1947)
who investigated polygons and circles. Fry's investigations were
particularly directed to the borders of the targets. He concluded that

the border mechanisms of the visual system were better adapted to long
straight borders, than the saw-toothed or wavy borders. There is clearly
a connection between the work of Lamar et al. and that of Fry, in respect
of the significance of the border region. More discussion on the border

mechanisms will be given in section 2.7.

A vast amount of work on detection of both short and long duration
targets has been made by Blackwell and his colleagues in a number of
articles, e.g. Blackwell (1946), Blackwell (1953), and many more. In
an article in 1963, Blackwell (1963) put forward a number of neural
detection theories. In particular, he proposed that the theory of
Kincaid et al. (1960) was the most recent and complete available. . For
the present study, it is unnecessary to expound this theory in detail,
though simplified models of the neural system have been included.

Several conclusions reached by the authors will be given.

Kincaid et al., derived an '"element contribution function' which
describes the contribution of each element of an object, to the detection

of the object. The general form of the equation is®as follows:-
The total excitation produced by a target, E = ABﬂfFf ¢ (r).r.dr.dse

where AB is the difference in luminance between the object and its
background.
rdr. d6 gives the area of each element of the object in polar

coordinates, the summation being over F.
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¢ (r) describes the element contribution function which is the
relative contribution to E of each element of the object,
at the distance r from the centre of the object. An
example of the approximate form of Q_Lfl) for different luminances,
after Kincaid et al. (1960, 147) given in figure 2.4, shows the
functions using circular targets of different diameters. For
the very small targets, ¢ (r) = 1 over the whole of the target,
and E = AB [ J v dr. d6 = AB. area of target.

Excitation and therefore detectability for small targets is apparently
dependent on the light flux of the target, since the excitation E must
reach a constant value EC for successful detection. The relationship
between these results, (and they are in fact only preliminary) and pointing
type tasks is difficult to assess. For the very small annulus sizes
encountered by O'Connor, however, i.e. less than 300 urad, it is held
(Trinder, 1968) that the criterion for pointing is luminance discrimination.
Although it is impossible to relate the element contribution function of
circular targets to circular annuli, it does seem that the discrimination
of the flux of light is a mechanism which may be used by the visual system
for very small annuli. The relationship of this factor to pointing

observations will be developed in Chapter 3.

2.7 The Significance of Contour Mechanisms in Vision.

0'Connor (1967) emphasises his opinion that contour perception, and
the associated mechanisms involved in producing Mach bands, in particular
lateral inhibition, are of great importance in acuity results. He
considers that the preoccupation with the retinal image should be avoided,
and that the influences of the whole visual system should be considered in
their true perspective, He further states his impression that visibility
of details is not simply a matter of brightness discrimination but also
involves the perception of contours. These contours are the narrow
regions around the edges of the targets where the eye perceives a sharp
change in brightness. Such contours are subjective, as is indicated
by the Mach phenomenon described in section 1.41,and will vary in nature

depending on the luminance of the target, background density, etc.
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O'Connor cites many cases in literature where the Mach phenomenon is
observed. Though Mach bands may not be consciously seen in some cases,
e.g. sharp targets in O'Connor's experiments, he speculates that the
effects may still be present adjacent to the edges, and thereby influence
visibility and acuity results. Contour mechanisms and particularly

the border areas of targets were also considered important by Fry (1947),
in respect of the visibility or detection of targets of various sizes, as

indicated in section 2.6.

Contour mechanisms are clearly most significant for the smaller annuli
involved in pointing. It is hoped that their influences will be
approximated by the SF's which include inhibition effects, given in
section 2.5. An indication of their effects should be gained from the

convolutions in Chapter 3.

2.8 ° Conclusions.

The information given in this chapter outlines the very complex
nature of the visual system. In attempting to derive some explanation
for pointing results, it is clear that due consideration must be given
to all aspects. The initial explanation for vernier acuity put
forward by Andersen and Weymouth (1923) included only the influences of
eye movements and the image on the retinal mosiac, although some
assumptions were made on the neural activity of the foveal cones.

This explanation is nevertheless basically correct.

Development of mathematical models to describe inhibition are only
in their initial stages. Likewise the development of the Element
Contribution Functions by Blackwell and his colleagues is another attempt
to include simplified models of the visual system, in this case, for
predicting signal detection. Contour sharpening mechanisms undoubtedly
play a role in detection type acuity tasks as well as influence vernier
acuity tasks. Whether in fact their influence is as important as
mentioned in section 2.7 has yet to be proved. It is possible that the

influence of such mechanisms will vary according to the visual task,
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keeping in mind the likelihood of non-linearity in the neural part of the
visual system, and may well be of considerable importance under certain
circumstances. This factor however, does not preclude the adoption of
simplified linear models which should prove successful in interpreting
results of acuity experiments, except those near the threshold of

visibility.
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3. CONVOLUTION OF ANNULUS AND SPREAD FUNCTION OF THE VISUAL SYSTEM.

3.1 Introduction.

The approach of convolving the annulus of the target around the MM
and the PSF of the eye was developed by Trinder (1965). The luminance
profile of the annulus after convolution was analysed in terms of width
and maximum values, to investigate the criteria used by the visual system
for pointing. The development of a computer programme to carxy out this
convolution using a gaussian formula with o = 200 prad for the PSF of the
visual system, was published by Trinder (1968). The conclusions derived
from the subsequent computations were similar in form to those given in
Trinder (1965) and are similar to those mentioned briefly by Hempenius

(1968, 18).

The basis for the development of the computer programme will be
repeated as an introduction to this chapter. A summary and discussion
of the curves derived by this programme in Trinder (1968) will then be
given. Following this, the results of further developments using
PSF's for the visual system derived in Chapter 2 will be presented in

section 3.8 and analysed in a similar manner.

3.2 Convolutions.

When a lens forms an image of a line for instance, with a given
intensity profile, the quality of the resulting image will not be as
good as that of the object. All imaging systems cause such a loss in
quality of the image. This is manifested in an intensity profile of
the image, the slopes of which are not as steep as those of the original
profile, and maximum intensity probably reduced. When viewing the
image of the line, it would be considered as being not as well defined
as the object, nor as bright. This process can be formulated as
follows: the object intensity profile is affected by the imaging quality
of the lens - described by the spread function of the lens - to produce
the image intensity profile. The process of combining the object

intensity profile and the SF in mathematical terms is called Convolution.
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Convolution is described (Jennison, 1961, 6) as 'the operation whereby
a structure under observation is smeared or spread out by the response
or resolution of an instrument or mathematical operation.'  Here,

the''structure''is the intensity profile of the object, the "instrument',

the lens.

The general formula for the convolution of a two dimensional

object and line spread function is:-

+00
h(x) = J f(x-z). g(z).dz (Jennison, 1961, 47) ....... (3.1)

where h(x) is the ordinate at point x after convolution, and f(x) and
g(z) represent the two functions to be convolved. Each element dz of
the function g(z), must be multiplied by the relevant value of f(x)

i.e. f(x-z), and the total effects are then added.

Convolution can also be considered as the function f(x) being
scanned mathematically by the function g(z) (Hempenius, 1965),
(Jennison, 1961, 4), in the same manner as a slit scans the luminance
pattern of an object. At each position x of the scanning function
g(z), every element of g(z) is ﬁultiplied by the corresponding element
of £(x). The addition of results‘after multiplication of corresponding

elements, for all coordinates z, produces the ordinate of h(x).

The scanning can be carried out physically as well as mathematically
(Hempenius, 1965, 9). Figure 3.1 (a) shows the scanning of intensity
profiles, with the associated multiplication and addition. Figure 3.1
(b) demonstrates the scanning of a slit in close contact with the
luminance pattern. Summation is carried out in this case because
the total light passing through the width of the slit is measured at

each slit position. Both procedures give identical results.

The physical approach of scanning must be used carefully,
because convolution does not only involve addition. Formula (3.1)

shows that the relevant values of each function must be multiplied
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g(z)
(a)

g(z) from g(z)
=

f(x,~ z) from-f(x)

f(x)

Scdphniing

(===

(b)

FIG.3.1: CONVOLUTION BY SCANNING
(@) MATHEMATICALLY,
(b) USING LUMINANCE PATTERN AND LIGHT
SENSING INSTRUMENT.
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before addition is carried out. When one of the functions has a
simple intensity profile, as for instance the slit, the multiplication
factor of the slit is constant throughout, and therefore is not
required if only relative values are needed. If however, the
convolution involves two functions similar to f(x), the physical
scanning must be carried out using a slit of variable transmittance,
i.e. a slit with a transmittance profile similar to that of the
blurred line. Provided this is done, the convolution will be

correct.

One feature that should not be forgotten, is that either
function can be used as the scanner. Logically it can be seen
from figure 3.1, that the same result must be obtained whether g(z)
or £(x) is used as the scanning function, (Hempenius, 1965) (see

also Trinder, 1965).

To maintain constant energy before and after convolution, the
ordinates h(x) must be normalized. This is done by dividing h(x)
by the area under the original scanned function f(x). In the
following discussion, only relative differences are required, and

therefore the coordinates have not been normalized.

A number of techniques are available for carrying out
convolution in the more complex cases, particularly those which
involve the PSF, namely, analogue, graphical and computational methods,
{Trinder, 1965). Computational methods used in these investigations,
based on the scanning concept, will be explained in the following
section.
3.3 Convolution of the Three-Dimensional PSF and Annulus Profiles.

("PSF method").

Extension of the formula (3.1) to the three-dimensional case gives:-
+ ;0 + 0

| |
k(x, y) = | | f(x-z, y-w) g (z, wydzdw ......... (3.2)

-7 o - 00

Mathematical integration of this formula for the functions in hand
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proved to be more difficult than the scanning technique adopted, and

therefore will not be discussed.

The profiles of annulus and the gaussian PSF are shown in
figure 3.2. The intensity profile along the cross-section AA, can be
determined by scanning the PSF over AA. At each scanning position of
the PSF, the products of the PSF ordinate g(x, y), and annulus ordinate
f(z, w) must be computed over the entire annulus. The sum of all
products then gives the ordinate for the scanning position on AA.

The annulus was divided into small segments approximately 5 - 10
prad square. Because of the simplicity of f(z, w), where the relative
ordinate is either 1 or 0, the computation amounted to evaluating the
ordinate of the PSF for each small segment, using the distance from
scanning point to the segment centre. Summation of these ordinates

then gave the required value for each point along AA.

The influence of each element is proportional to its volume, by
the law of conservation of energy, i.e. the volume of each element after
spreading must equal the volume of the element before spreading. The
correct relative influence of each element was therefore obtained by
multiplying the evaluated ordinate of the PSF by the volume of the

element.

The size of the elements, although finite, proved to be sufficiently
small. Investigations were carried out to find a practically sized
element. The use of elements approximately 5 - 10 urad square introduced

errors of less than 1%, which were acceptably low for these investigations.

In the computer programme, provision was made to introduce small
displacements of the MM on the target, along the line AA, so that
variations in the intensity profile could be observed as the MM position
was varied, Displacements equal to pointing accuracies in curve 1,
figure 1.1 were introduced so that just perceptible changes in the

luminance profile for varying annulus widths could be determined.
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g(z,w)=1 if polar coord r<r<r,

g(z,w)=0 if polar coord r>r>r,
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Output from the convolution were ordinate values of the convolved
curve at intervals of 50 urad along AA. This interval was sufficient

for the interpolation of maximum values and widths as mentioned in

section 3.4

Convolutions of the targets with background densities of 0.3,
0.9 and 1.2 (0'Connor, 1967) were carried out in a similar manner, but
the profile had to be divided into two sections, and the effect of one
subtracted from the effect of the other (See Appendix D for full details).
A similar technique was used by Gubisch (1967, 412) to determine the

profile of an annulus.

The profile was divided as shown in figure 3.3 The section above
the background luminance level was convolved in the usual manner, i.e.
as if the annulus had an infinite background density. The MM section
below the background level was then convolved. This had a negative
effect, that is, an effect which caused a decrease in luminance level,
Algebraic addition of the two profiles then gave the profile of the

annulus after convolution.

Cross-section profiles obtained by the convolutions have been
presented in Appendix D for a number of annulus widths using high,

medium and low contrast targets, and MM's sizes as indicated.

In addition to the above convolutions, the more simple convolutions
of the LSF and linear elements of different widths were carried out by
Trinder (1968), in a similar manner to Trinder (1965). This is
particularly applicable to annuli which occur when a MM of 5.1 mrad is

used, where annuli tend to be linear over short intervals.

Formula (3.1) was computed for

f(x) = exp (-%‘X/GZ) - ® < X < +
glz) = 1 -c<Xxc<c
= 0 -c>x>c
where the annulus width was 2c. In Trinder (1968) o equalled 200 urad,

while in the original study o equalled 300 urad.
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Annulus widths were chosen to represent widths when the MM was
correctly centered, and when errors in centering of the MM equalled
accuracies in curve 1, figure 1.1. The original study (Trinder, 1965)
analysed the curves derived from formula (3.1) (termed the "LSF method")
in terms of maximum values and widths of the profiles. Trinder (1968)
carried out a similar analysis of the convolved curves derived using ‘
the PSF method, in terms of maximum values, widths and also slopes of
the profiles. The results of this analysis are presented in the
following sections. Values derived by the LSF method with o equal

200 uyrad have also been presented purely for comparison.

3.4 Maximum Values of Profiles.

A displacement of the MM on the target (equal to accuracies in
curve 1, figure 1.1), causes an increase in the width of the annulus on
one side of the MM, and a decrease in the annulus width on the other
side. Referred to the images seen by the visual system, the MM
displacement will cause an increase in the maximum value of the profile
corresponding to the larger annulus width, and a decrease in the maximum
value of the profile corresponding to the smaller annulus, The extent
to which maximum values increase and decrease depends on the original
annulus width as indicated in figure 3.4. Original annulus widths
are shown on the abscissa while the percentage differences* between
maximum values of the profiles are shown on the ordinate. From figure
3.4, it can be seen that the relationship is constant at approximately
16 per cent for annulus widths less than approximately 250 urad, but
above 250 urad it decreases rapidly and approaches zero as the annulus

width approaches 1 mrad.

* The percentage difference between maxima on each side of the MM is
computed as the difference between maxima, over the mean of the

maximum values of the two profiles.
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For the low and medium contrast targets, the results for the very
small targets were erratic and did not follow the general relationship.
This is apparently because the annuli of these targets approached the

threshold of visibility. Values not plotted have been added separately.

3.5 Slopes of the Profiles.

Slopes of the intensity profiles were determined from profiles
computed by the PSF method. No values were deduced from results
computed from the LSF method. The position on the curves at which
the slopes were calculated was the straight section on the main slope
of the profile, where the rate of change in slope was a minimum. The
reason for choosing this section is that if the visual system uses a
slope in the intensity profile, it should be one which follows a simple
pattern, and is of sufficient length to allow a good comparison of each
side of the profile. It is believed that where rapid changes in slope
occur on the intensity profile, e.g. near the maximum values of the

profile, comparison of slopes by the visual system would be impossible.

Differences in slopes of the profiles when the MM is displaced by
amounts equal to pointing accuracies in curve 1, figure 1.1, are
presented in figure 3.5, which expresses the percentage change in the
slopes of the profile in terms of annulus width. For the larger two
measuring marks either side of each annulus profile gave approximately
the same result. However, for the smallest MM, the inner flank of
the profile was taken, except for annulus widths of 50 and 100 urad.

For these two annulus widths the inner slopes are difficult to

determine with any degree of accuracy because of their very limited
length, In addition, it is felt that their length would be insufficient
for accurate discrimination by the visual system. For annulus widths
greater than 100 urad, using 0.645 mrad MM, the inner slopes produced
higher percentages than the outer slopes, and therefore were included

in the graph. When inner slopes were used, the figure has been marked

accordingly. The slopes of curves for the low and medium contrast
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targets have also been added to figure 3.5

The accuracy of slope determination, which is an average value over
the approximately linear section of the curve, is about 1%. Despite
slight inaccuracies in slope determinations, however, a general trend
in the pattern of the percentage changes in slope is clearly visible
in figure 3.5. Except for three values, which do not seem to follow
any pattern, maximum values generally are 12 - 16% for the annuli less
than 200 - 250 prad, and then gradually decrease, following a pattern

similar to that in figure 3.4.

3.6 Widths of Luminance Profiles.,

The width of the target actually seen by the visual system can
only be determined during the observations. Since this has not been
done for the data in hand, an estimation of width of the profile derived
by the LSF method was made at -

1)  the 60.6% luminance level, which is the level at which

the 20 - width is read on a purely gaussian curve, and

2)  the point of maximum slope.

Although the latter criterion gave widths at luminance levels of 60.6%
for purely gaussian curves, the widths were located at levels gradually
decreasing for the non-gaussian curves, and tended towards the 50%

level for a purely gaussian integral curve (the edge). (Trinder, 1965).

If an error exists in the position of the MM, the annulus width
seen by the visual system on one side of the MM will be larger, and on
the other, smaller than when the MM is correctly placed, The actual
difference in widths of the two annuli is therefore twice the pointing
error, Weber's Law which generally states that the ratio of

Just noticeable stimulus
total stimulus

is a constant, when related to the pointing

pointing accuracy
annulus width

task is as follows:- is a constant (0'Connor, 1962).

In terms of the visual image, this law may be expressed as:-
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total difference in annulus widths seen by the visual system

sum of widths of annuli seen by the visual system on each side of MM S

constant. The total difference in profile widths determined by the
standard deviations of observations, represents the minimum visible
difference in annuli seen by the visual system, The above formula

may therefore be expressed as:-

half the minimum visible difference in annulus width
mean of annulus widths on each side of the MM

2
the annulus widths being those seen in the visual image.

Figure 3.62 shows curves representing this ratio for the two width
criteria, based on the LSF method. The ordinate scale is half the
minimum visible difference in annulus width in the visual system computed
in the convolution, using pointing accuracies in curve 1, figure 1.1
as displacements of the MM. On the abscissa is plotted the annulus
width of the target seen by the visual system. The 1% - 2% limits
representing the approximate range of Weber's Law for localization

tasks in visual accuity, are also shown.

The differences in widths of the profiles determined by the PSF
method, using displacements of the MM equal to accuracies in curve 1,
figure 1.1, have been added to figure 3.62 for a number of target
annulus widths, measured at the 60.6% intensity level only. The
actual point at which the maximum slope occurs on each profile is
unknown., Because .of the curved nature of the annulus for small MM's,
the point of maximum slope will not be at the same level on profiles

determined by the PSF method, as on profiles derived by the LSF method.

Widths were interpolated linearly from the computed profile.
Though this represents an approximation, no significant errors were

introduced because the section of the curve at the 60.6% level is

approximately linear. In addition, the good agreement obtained
between the LSF method and the PSF method in figures 3.61 and 3.62
for a MM of 5.1 mrad, is further proof of this point. For the 0.99

mrad MM, the widths of the profiles were very close to those for the
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5.1 mrad MM in figure 3.61. Widths determined for the .645 mrad
MM agreed with those obtained for the other two MM's, for larger
annuli, but differed considerably for annuli less than approximately
400 prad. This is mainly due to the tendency for the profiles of

the small annuli to overlap.

Widths of the profiles of low contrast targets were less than
those of high contrast targets. For instance, at 450 urad, the width
of the profile is only 400 prad, and for smaller annuli, the width
approaches zero, i.e. no maxima occur. The ratio of half the minimum
visible difference in annulus width/width in visual system for low contrast
targets, ranges from 2.3% (derived from an annulus of 900 urad)to 5.5%
(derived from 250 prad annulus - not plotted in figure 3.62) and approaches

infinity as annulus width approaches zero.

In general, the results in figure 3.62 obtained for the LSF method
agree well with those obtained by the PSF method for all MM's, for the
high and low contrast targets. The conclusions reached based on figures

3.4 to 3.62 are listed in the next section.

3.7 Initial Conclusions.

The following conclusions based on the PSF method computations with
o equal 200 prad, are generally in agreement with conclusions made in the

original investigation (Trinder, 1965).

1. The approach of determining the shape of annulus in the visual
system proved successful in explaining pointing accuracies to
small targets.

2. Parallel to the findings of 0'Connor that MM is of secondary
importance in determining pointing accuracies, the shape of
the luminance profile is only of minor importance, while the
effect on the profile of small movements of the MM is the most
important factor in determining pointing accuracies.

3. Differences in widths of annuli on opposite sides of the MM

for both high and low contrast targets, are visible if they
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exceed approximately 1 - 2% of the sum of annulus widths,
provided these widths are measured in the visual image.  This
applies to annulus widths greater than approximately half the
20 - width of the spread function of the visual system.

4. Pointing to targets with annulus widths less than approximately
half the 2¢ - width of the spread function of the visual system,
is based on discrimination of slopes and maximum values of the
luminance profile, For the experiments described, the minimum
visible differences in slopes of approximately 12 - 16% and in
maximum values of 14 - 16% resulted in pointing accuracies of
approximately 8% of the annulus width, measured on the target.

S. Pointing criteria as outlined in 3 and 4 above depend on the
observation conditions, and therefore may vary for different

experiments.

Extension of these investigations to include the PSF's derived in Chapter

2 will now follow.

3.8 Further Computations Involving Different Spread Functions for
the Visual System.

In prescribing a SF for the visual system, Trinder (1968) adopted an
average value to describe the excitation caused by a point object, but the
inhibitory effects were ignored. Hempenius (1968, 5) quotes the o of
the gaussian PSF of the optical media of the visual system to be 150 urad
and the LSF, 200 uprad. In figure 2.2 two SF's which are simplified models
of the PSF for the whole visual system, and include estimates of the

inhibitory effects are given. The 2282 X

function (commonly termed "sinc"
function) was proposed by Ratliff (1965) while the other is the LSF derived
by (Patel,1966). The actual PSF similar to the Patel function which will
be used for the convolution, is shown in figure 2.3. For this function,
inhibitory effects terminate at 1.4 mrad, instead of 2.4 mrad as shown in
the Patel function in figure 2.2, The reason for this is that inhibitory
effects extending to 2.4 mrad tend to swamp the excitation associated with

large annuli. A SF similar to that of Patel has been adopted to investigate
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the influences of functions with larger inhibition areas than those
prescribed in the sinc function. Keeping in mind the additional
fact that Patel's function is a LSF rather than a PSF, it is
considered that the function given in figure 2.3 is satisfactory
for this purpose. (In the following discussion, this function will
be referred to as the "Patel function'') It must be remembered
that investigations with functions which include estimates of
inhibition are only of an exploratory nature, particularly because
of the many unknown factors involved and the somewhat dubious

assumptions on the linearity of the visual system.

A fifth degree orthogonal polynomial was computed to represent

the Patel function, after Hildebrand (1956, 288) as follows:-

f(t) = - 0.136916 - 0.021389 t + 0.017335 t2 + 0.002183 t3
- 0.000085 t* + 0.000045 t° where t = (x - 700)/100,
and 'x' is the distance from the centre of the

function in urad.

In addition to the Patel and sinc functions, gaussian functions
with o's equal to 150 uwrad and 250 prad were also used in the
convolutions, to investigate the influences of different gaussian

functions.

The results for a MM of 0.99 mrad and high contrast targets only,
were computed for the additional convolutions. Since the same
conclusions could be applied for all MM's as shown in figures 3.4 to
3.62,it was considered sufficient to compute the further convolutions
for one MM only. In respect of the low and medium contrasts, no
convolutions have been carried out because the SF's which include
inhibition may behave differently for targets of different background
densities. The possibility of this fact is indicated in the

descriptions of the Mach phenomenon in section 1.41.

On the convolved profiles,widths have been determined at intensity

levels of 20% to 60% of the maximum value of each profile in steps of
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10% above the background. This has been done to overcome the
difficulties encountered in section 3.6, in determining the level

on the luminance profile at which the widths should be measured.
Experiments described in Chapter 5 indicate that different observers
perceive the width of the annulus at different intensity levels. The
investigation of widths at a number of levels was therefore considered
as the best approach. Widths of the profiles have been determined
graphically from the plotted profile. The accuracy of these
determinations was 1 - 2 prad for the small annuli, and 5 prad for the
large annuli. Slopes of the profiles have been determined over the
straight section of the profile. For many profiles these slope
determinations are an estimate only, since the flanks of the profiles
tend to be curved rather than straight. The results presented in
the following, nevertheless, give a good guide as to the shape and

size of the profiles. Examples of the profiles may be found in Appendix D.

3.9 Shape of Convolved Curves.

Figures D6 to D9 represent profiles for the gaussian SF's with
o's of 150 prad and 250 urad, the sinc function and the Patel function.
These profiles are for a MM of 0.99 mrad as used by 0'Connor (1967),
and high contrast annuli of 50, 250 and 900 urad. With regard to
shape for the three gaussian functions, the profiles are very similar,
except that the intensity of the central area of the MM increases as
the size of the SF increases. This is particularly noticeable for
the small annuli, where the MM becomes almost obscured for the

gaussian SF with ¢ = 250 urad.

In the sinc function results, the inhibitory effects are significant
for the smaller annuli but show no effects on the more irregular profile
of the largest annulus width of 900 uprad. As the annulus width
increases further, the profile would presumably take on a pattern similar
to a step function with perhaps some influences of the inhibition effects

superimposed. It is noticed, however, that the pattern for annulus
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widths of 900 prad and presumably larger, show no negative values. This
may be due to inaccuracies in the estimation of the PSF, but it nevertheless
does agree with observations by Lowry and DePalma (1961, 742) that Mach

bands apparently do not occur at sharp changes in luminance.

The Patel function has the reverse effect to the sinc function,
In this case the inhibition effects are apparent for the small annuli,
but become far more significant for the larger annuli, and in fact tend
to overwhelm the excitation associated with the 900 prad annulus. Indeed
for the larger annuli, the inhibitory effects seem also to introduce a
lower artificial background. Movement of the MM from its central
position equal to accuracies in curve 1, figure 1.1, has a much more
significant effect with the Patel function than with the other functions.
This effect is so great on very small annuli, that it becomes inneffectual
estimating the profile widths. Differences in slopes and maximum values
for the Patel function computations have been derived in the same manner
as for the other functions. However, because of the strong artificial
background introduced by this function, widths have been estimated at
levels referred to the artificial background instead of the true background.
Though this technique introduced an unreal estimate of the true widths, it
allowed a better comparison between the widths of the profiles on each side
of the MM. Since percentage differences in widths only are computed, this

technique is considered satisfactory.

3.10 Maximum Values and Slopes.

Differences between maximum values and slopes of the profiles on each
side of the MM derived from the convolutions using the five SF's, are
presented in figures 3.71 to 3.73.* In all cases, the slope computations
refer to the outer flanks of the profiles. The differences in maxima and
slopes of the profiles have been presented as percentage differences

referred to the mean of values of the two profiles.

* The results of convolutions with o equal to 200 urad have been repeated,
to give a better comparison between the different PSF's.
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The pattern of results for the three gaussian SF's are almost

identical. When comparing figure 3.71 with figures 3.4 and 3.5 of the
previous study (Trinder, 1968), it is noticed that the curves do not

remain at a constant value for annulus widths less than 250 prad. This
tendency was not evident previously because only one SF was used. Apart

from this factor, the curves behave in a similar manner to those in
figures 3.4 and 3.5. Small variations in the results are caused
firstly by small inaccuracies in the computational techniques, and
secondly by experimental variations in the pointing results determined

by 0'Connor (1967).

Maxima and slope differences for the sinc function follow a similar
pattern to those of the gaussian functions. They are smaller for the
small annuli, and become negative for annulus widths greater than
approximately 500 urad, These negative values seem to be temporary,
and it appears that the curves would return to zero for larger annulus
widths. Annulus widths of 900 prad and less are the main object of
investigation in these convolutions, since for these annulus widths,
pointing accuracies apparently deviated significantly from Weber's Law,

in figure 1.1

The Patel function gives a slightly different pattern of results
for small annuli, but a similar pattern for larger annuli. For annuli
less than 200 urad, the curves for the differences in slope and maxima
are at a constant value of approximately 30% and 50% respectively.

These values are considerably larger than the corresponding values

derived for the other SF's,

Despite small variations between the figures 3.71 to 3.73, and
figures 3.4 and 3.5, however, the patterns for differences in slopes and
maxima of the profiles are similar to those derived previously

(Trinder, 1968).
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3.11 Widths of the Profiles.

The widths at five intensity levels on profiles, derived using
the three gaussian functions, have been plotted in figures 3.81 to 3.83.
For the larger SF's, some of the widths cannot be determined because of
the high intensity values at the MM. Generally, widths of the sections
of the profile on each side of the MM for annuli less than 250 urad
approach a constant value which depends on the SF and the height at

which the profile is measured.

Widths computed on profiles derived using the sinc function are

shown in figure 3.84. This figure shows a sharp drop in profile
widths for annulus widths from 900 prad to 500 urad and a gradual
decrease thereafter. No constant value was reached, as obtained with

the gaussian functions.

Difficulties encountered with the Patel function were mentioned
previously. Since the widths of the profiles are taken at levels
above an arbitrarily chosen background level, they have not been

presented.

A full list of the percentage differences in profile widths
measured at the five intensity levels above background is shown in
table 3.1. The means of the five values for each SF are plotted in

figure 3.9, against annulus width on the target.

The pattern of percentage differences in width is generally the
same as in figure 3.62. For annulus widths less than approximately
250 urad, the percentage differences are less than 1%, while above
250 prad they are generally approximately 1 - 2%, The sinc function
gives values marginally less than 1% for two annulus widths greater
than 300 prad, and shows values greater than 1% for annulus widths of
33 and 50 urad. However, widths were difficult to determine on profiles
for those annuli, since the profiles were so small. Results derived
using the gaussian SF's generally agree with the relationship determined

previously, except for the SF with ¢ = 250 prad which shows erratic



_63_

a2yl podTioGL = o UM uotduny ubissnob ayy si
2y "32Bupy 243 uo b,

‘P21D 20}
UOIIN|OAUOD 24} 40} pasn
SNINUUD 4O yipim 2y} pup ‘2ioud A3SU2IUl DY} UO S[2A2|

A{iD

Jd1U22 S AW
‘4'Sd

2A14 3D “WD1ISAS |DNSIA 24} AQ u22s P sninuub 40 yipiMm u22Mm12G diysuolidb|zy L8 E S
@ 1398VL NO D HLAIM SATNNNY
e po
pPDIWQ | 006 008 00L 009 008 0]0] 4 oot 00¢ o]e] ooom
.
\+\\.h.||||_ 0
pp— )
\ \Pll|
1 ] _ o0t
A X
L
4 \\\x\ \O-llniulllnwOl .m >
; /
\ x\\ — 00s§ W
\ . \ \9\ —m
Q \
\ x7 7 2 009 p
]
\ \ e o
—
\ A r oosr T
yayavil g a
\ \ 2
s / = oo8 <
° ._r\ \ m
\00@\ m
) r
7 , A 008 ¢
o\oom\ Y
y m
/| . Z
(O}
°/, 0
v/ \ \ \
(] ) 3
%10 / Vi3 a
1o
° 0 4
T 12AD \3_m_c3c_ 2l




"P21DD0} A||DJIU2d st NN
24t 'pouITiQOZ2= 0 Uitm uonoung ubissnoB a2y} st uoOIINjOAUOD 2y} 40} p2SN ‘4'Sd
2yy'326up} 2yr uo o snjnuup jo Uipim 24y pup ° 2iyodd A3ISU21ul 24yl UO S|2AD|
DAl 3D 'w21sAs [DNsIA 2y} AQ u22s p SNjNUUD  JO yipim u22mMi2q dIysuoiib[dy ‘28°E€ Ol4

\@\ Domﬁzo_o_xho:smsézz,‘
Lo o pouat
PoJw, 006 008 00L 009 00S OOF OOE 002 OOl 0

00€

oov

\+l\\

P =4 000G
\

\
\
;

_64_

- . \\ P —*x 1009
\X
= \ : a7
o\ooo\ = e\\ o i oos
e H e < AT
" %05/ \\ - \\ ooe
> -

\ o't

W W3LSAS TVNSIA NI P HLAIM SNINNNV

A
g \ \
\\ 7 L
*%OE
o \ w
8
2’
%02
\
- €1l

]
J2A27 A}isu2iu



"p231D20] Aj|IDJiu2d sl NI
2yl pourlOGZ2 = 0 uillm uoildun} ubpissnpb 2yl Si UOIIN|OAUOD 2y} JO} PdSNn ‘4'S'd
2y '12B4D} 2y} UO D SNINUUD 4O YIPIM 22U} pup ‘2jyoud A1Isudiul 2y} UO S|2AD|
2A14 3D ' W23isAs |DNSIA 24} AQg U22s P SNjNUUD JO  UipiM Uu22Mm12q diysuo(ipb|2y ‘€8°€ Oi4d

\® 13948VL NO P HLAIM SNINNNY

-65-

~igeip P ULi
pouwQ L 006 008 00L 009 00s oov 00¢€ 002 0]e]% OOOm
4T + T +
009
+
\\ | I . 3 ooh.m
\ \'\\ﬂ‘ m.
\ X
\.T \ X\
°, 09 . \\ 006
\ \ g
P
°L0OG @ P (o]
\\ \O\ oL

N

e

o~
-

%0V \ \
e
e

°L0E
0o

poJdwl

o
p

T WILSAS IVASIA NI P, HLAIM  SNINNNY

<
-

O\OON ]
-
|2A27] Allsudiu|




w W

ANNULUS WIDTH d

W

1.4

-
w

mrad

1.1

1.0

900

IN VISUAL SYSTEM ,de Ad
[V

800
700
5600
500
400

300

FIG.3.84: Relationship between width of annulus d seen

- 66_

Intensity Level—

/ "20%

f(gOWo

60%

|

"
oA
Y/’/ ///
100 200 300 400 500 600 700 800  S00

five intensity
target. The
is centrally

yrad

ANNULUS WIDTH "a” ON TARGET /,

by the visual system, at
levels on the profile and the width of annulus “‘a" on the

P.S.F. used for the
located.

convolution

is the sinc

function. The MM



900

200 prad

500

o = 150 prad

350
o

250

150

Gauss function,
0.3

Gauss function,

3
3

-67-
100
0.
0.6
0.

Table 3.1

50

33

Percentage differences in widths at five intensity
levels, on profiles derived using five PSF's.

\\Farget
prad
o,\\
60
50
40
30
20
Mean
60
50

\\\Widths on
Level

Intensity

F:Qﬁnulus

N 0O N <+ G = VMM ANNNO 0
L e e DD e . e 6 e e « .
N O~ ‘le = NN e
[
=1
SN L =} O N O O o S~ O~ O 0
- ¥} « * o e e e
- NN N O~ O — I OOOOO
it
O N 0O B OWVWNO 0 N N AN — 00 o0
L « e [ | . © & & e
L B B I O MM o~ OO A~ OO
IS
o
o] o
O <+t~ —H I~NO O o O O NN INO
.« . 4+ « e ] o L L T S
O OO O ™ o 2P A - OO
i m [ 1 8}
j=
H o}
G
<t <+ N N o ~ OO OO
(e»] - . ) o« 1 [ 8] . . « e . -
oS OO oo — & O oo Cco
3] (I 1 o
& w
N O O M o [Q\] Y~ 0O
. . [ I} J 1 . L
[N e No Nl — L SO OO OO
1
[QVER o] o~ N O 0 M) 00O
- i ° | I TR Y I S | . - - - . .
o O o AN DM NN -
<+ N~ A <t n
[eRoll e | T R L
L IR TR B B R
o a a
OO © oo oo d cCoocood
TN O VNt O O <t ™M AN O
= = =

3
6

1.2 -3.
-1,

1.5

1.3
.1
.9

1.0

Patel function
0.6

60
50
40
30
20
Mean




-68-~

2yy} Jo}
Ailsu2iul g
mu_uoc_suu.o 01

PIAIJI2P S}{NS24 40} Pp231310|d u22q 2ADY
1D P2UIWU212P S2N[DA JO UD2W D SD
jpnb2 WIN 2y} }O 3judw2dp|dsip Db Aq

S 4S S
siulod 21p4dndag  "S|2A2)
PoALJ2p ‘L L'Bi} T 2A4ND Ul

pasnp> ‘NN 22U} 4O 2pis ydp2 uo s?|1joud jO SYIPIM Ul S2DU24244ip 2DDIUDOUDY
\@\ 13948Vl NO P, HLIQIM SNINNNV
.v, OT. UUL.J _
pPDJWQ"| 006 008  00L 009 00S ooV 00E 002 (olo]} .
1 i T T ¥ 4
€261 1aand| - . .
22 byous|l o . R
poaTioG2 =D " X
poati002 = O upISSNDYO . o +
pouTiOGL = O upIssNDY + S o
4's {oquig +n o
C el aN3o931 B +-
X
q +
. A"
+
L + .
Ie\oN ‘.+.
X (o]

‘6'€ 914
-]
-
SO~ o
=
n
m
m
0 p4
O
m
z
S0 o P
Q
D! l
N I
ol »
Zz
—
a8 m
., O

St
N o M
- m

[ +]
02° ~ *
wn
<
wn
—
m
G2 £



-69-

variations for annuli less than 250 urad. This is because of the
tendency for the profiles of each annulus to overlap. The Patel
function also shows erratic values but generally fits into the range

of 1 - 2%.

3.12 Discussion of Results of Convolutions.,

The two separate criteria given in section 3.7 still appear to be
valid after the additional convolutions presented in the previous sections.
For the annulus widths greater than approximately 250 urad, the differences
in slope and maximum values are considerably less than the corresponding
values for annulus widths less than 250 urad. Meanwhile, the
differences in widths of profiles are greater than approximately 1%, and
therefore agree with Weber's Law, as formulated in section 3.6. Differences
in slopes and maxima are too small to be visible, and therefore differences
in widths of the annuli seen by the visual system are used as the criterion

for pointing to targets with annulus widths greater than 250 prad.

For annulus widths smaller than 250 urad, differences in widths of the
profiles approach zero in most cases, while differences in slopes and maxima
increase. In line with the previous conclusions therefore, apparently
luminance discrimination rather than width discrimination should be the
criterion used for pointing. This conclusion is substantiated by the
results of all five convolutions, The Patel PSF convolution results
have not been added to figure 3.9 for annulus widths below 150 prad because
the profiles on each side of the MM are so different. It is quite
apparent when viewing the profiles, however, that luminance discrimination

is the dominant factor.

The exact differences in slope and intensity used by the visual system
for pointing seem unimportant, since the exact shape of the PSF is unknown.
Hempenius' (1968) estimate of the PSF of the eye itself as a gaussian
function with o = 150 urad, indicates that these differences on the retina

would be represented in figure 3.71. If the PSF of the whole visual
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system is similar to the sinc function, which appears to be more valid
than Patel function, at least for small annuli, the differences used by

the visual system would be similar to those in figure 3.74.

The unknown features of the visual system and also the uncertainties
as to the linearity of the visual system, throw doubt on the rigid
application of this technique. But the importance of these computations
lies in the fact that for all five functions, the same general conclusions
can be drawn as({Trinder,1965). This fact shows very clearly that the
complex pattern of pointing accuracies is primarily due to blurring effects
of the visual system on the shape of the luminance pattern of the target
seen by the observer. In particular, for annulus widths 250 urad to
1 mrad, the visual system adopts the same criterion for pointing as for
the larger targets. The only targets which require a different criterion
by the visual system apparently are those with annulus widths less than

250 urad.

Luminance discrimination of maxima and slopes is identical to flux
discrimination as mentioned in section 2.6, since changes in maxima and
slopes of the profile also mean changes in areas under the profile, and
therefore the apparent luminance flux of the annuli. No attempt has
been made to compute the areas under the profiles, since they are
strongly dependent on the level at which the edge of the target is seen.

In O'Connor's (1967) experiments, this level is unknown.

Though areas under the profiles for annulus widths greater than
250 urad will also differ, the associated differences in widths will be
the most apparent feature. For annulus widths less than 250 urad,
there is very little difference in profile width, but a significant
difference in the overall luminance flux, as seen in the areas under the
profiles. It seems likely therefore that flux discrimination is
a more general expression for the criterion used for pointing over this
range. This conclusion broadly agrees with Blackwell's (1963) theory

used to predict detectability of targets, though the relationship between
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minimum detectable flux and target size is extremely complex. Since tasks
of detection e.g. the fine line targets used by Byram (1944), and
discrimination of the difference between very small annuli on each side of
the MM seem to be similar in nature, it is likely that similar mechanisms

will be involved in both cases.

3.13 Conclusions.

Since linearity of the visual system and constancy of its SF are in
doubt, it is dangerous to make rigid conclusions from the computational
techniques used, In addition, psychological factors are involved
which may influence the observations, and for instance introduce large
systematic errors, as shown in figure 1.2. Nevertheless, it is
significant that the two general criteria in section 3.7 apply to curve 1,
figure 1.1 for all SF's, This is sufficient proof that the blurring
effects of the visual image are the dominant factors affecting the pointing
accuracy curve for small annuli. The simple criteria (3) and (4) given
in section 3.7 may therefore be derived to relate the geometry of the

visual image to pointing accuracies.
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4. PSYCHOPHYSICAL TESTING.

4.1 Introduction.

The field of psychology which deals with the determination of a
relationship between a physical stimulus and the subsequent response,
is called psychophysics (Candland, 1968, 83). Since an individual's
behaviour may be measured by his response to stimuli, an understanding
of the way in which responses may occur is fundamental to the prediction

of behaviour to different stimulus conditions.

Psychophysics has an important bearing on everyday life, and in
particular on occupations which require fine judgment by one or more of
our senses. Metrology, for instance, may require the
careful visual reading of linear scales. Detection of details on
radar screens, reading of aircraft dials, detection of radio signals
are other examples of psychophysical tasks in various occupations.
Pointing to photogrammetric targets, stereoscopic height measurement,
and point transfer are all examples of psychophysical judgments made
by photogrammetrists. For an understanding of behaviour to stimuli
and the associated judgment capabilities in each of these tasks,
testing must be carried out over a wide range of conditions. Tasks
particularly related to photogrammetry, as described above, however,
have not been investigated in detail, despite the fact that many
psychophysical aspects of vision have been investigated very estensively.
Considerable research is therefore still necessary on psychophysical

tasks undertaken in photogrammetry.

Investigations in the field of psychophysics were initially
directed towards the determination of stimulus thresholds using classical
psychophysical methods, and the description of these thresholds by a
general psychophysical law. Fechner in the nineteenth century, aimed
at establishing a relationship between physical stimulus or physical

energy, and the subsequent response by the individual. For instance,
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the question asked was - '"Does a doubling of physical energy result in
a doubling of the individual's perception of that energy?"  Fechner's Law
of 1882 (section 4.,22) was for sometime, considered to be a suitable
psychophysical law to describe this relationship. However, it has
subsequently proved an incomplete law, particularly in the field of
hearing. Some modifications to Fechner's Law which attempt to
describe the relationship between physical stimulus and response

more completely, will be discussed in section 4.7. In modern
psychophysics, many aspects of human behaviour are investigated by
psychophysical techniques, which determine the psychological response
more efficiently than do the classical methods. Though it is
unnecessary to describe these techniques, the aspects of modern
psychophysics which influence experimentation on pointing will be

given in this Chapter,

4.2, Classical Psychophysical Theory.

The classical concept of psychophysics describes the relationship
between the physical scale S and the response or psychological scale R
as shown in figure 4.1 ‘gfter Guilford, 1954, 21).

) ~
RL R?Q P?Z RSO Res TL Response
_ = . LTRSS
7 L aR=1 ///i/ AR=1 Scale
/’ ////\
)
/ s
j /////i:/‘ Stimulus
’*20 329 SRO 588 Scale
Pha0-2 Plgo-s

Fig. 4.1 The relationship between physical and psychophysical
scales in classical psychophysics.
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The Stimulus scale extends from zero to a very high value beyond
the range of the human senses. The Response scale extends from the
RL - the Response Threshold or Limen - to the TL - the Terminal
Threshold or Terminal. Beyond these two points, the scale is marked
by broken lines because the RL and TL cannot be well defined. They
have a statistical variation depending on the task involved (Swets,
1961), and are generally fixed as points at which a positive
response results 50% of the time. Although the TL and RL are
thresholds on the response scale, they are expressed in terms of

measurements on the physical scale.

Differential thresholds or Difference Limens - DL - are shown
in figure 4.1 by the pairs of lines marked by hachuring. At the
stimulus value of S20 a second stimulus S.l must reach the value 522

before it is judged different 50% of the time. At S Si must

>
reach SLML before it is judged different, and so on. L+?‘he differences
between 820 and 822, and Suo and Sqq are described as DL's. On the
response scale these differences are shown as unity. That is, these
differences give the same impression to the observer, in relation to
the level of stimulation, though the magnitudes of the DL's increase

as the level of stimulation increases, The results of 0'Connor (1962,

1967) are examples of DL's expressed on the stimulus scale.

4.21 Weber's Law.

The relationship between DL's and level of stimulation, expressed

on the stimulus scale, is known as Weber's Ratio or Law:-

AS
= = K
where
AS = DL on the stimulus scale corresponding to

a change on the R scale of unity.
= the point on the physical scale.
=  constant depending on the observer and the

modality of the sense.
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K is approximately constant at 1/100 for the discrimination of
distances (0'Connor, 1962), 1/30 to 1/40 for lifting of weights and
varies for sounds with frequency and intensity. As shown in section
1.4, Weber's Law holds for pointing observations to targets with large

annulus widths, but not for observations to targets with small annuli.

4.22 Fechner's Law,

Weber's Law only describes behaviour in terms of the stimulus
scale, with no reference to the response scale. Fechner's Law
on the other hand expresses a relationship between the stimulus and
response scales, The basis of this law is a logarithmic relationship

between stimulus and response as follows:

R = K log S
where
R is the response;
the stimulus above threshold,
K is a constant.
In words this law may be stated as:- R increases in equal steps as

§ increases in equal ratio steps, (Candland, 1968, 89) (ref. figure 4.1)

This law makes two assumptions -

(1) The DL is a function of all DL's which have
occurred previously.
(ii) that all DL's are subjectively equal.

As stated in section 4.1, Fechner's Law has proved to be an
incomplete psychophysical law, although it is satisfactory for some
aspects of psychophysics. A completely general law has yet to be
found, but more adequate laws than Fechner's Law have been developed
(Stevens, 196%2).

Before describing the methods used in classical psychophysics,

an introduction to some concepts of modern psychophysics will be given.
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4.3 Some Aspects of Modern Psychophysics - The Response
Matrix.

Modern psychophysics describes the behaviour on the response
scale of an observer, in terms of the many variables which may be

involved. This results in a general behavioural equation.

The response of an organism to a stimulus, is a function
of factors in the stimulus, the internal conditions, number of

stimulations and time itself (Graham, 1950), i.e. -

R = f(a, b, ¢, d)

where a = aspects of the stimulus
b = number of times the stimulus is presented.
c = time

= internal conditions of the observer, e.g.
motivation, psychological attitude etc.

Generally in psychophysical investigations, the effects of
factor "a' on the psychological response only are considered. In
the research on pointing described in this work, stimulus conditions
which have been considered are the size of target, degree of blur and
the background density of the target. The effects of the remaining
factors in the behavioural equation were expected to remain constant
during the experiment, although it is impossible to say precisely
that this was the case, In the course of pointing experiments,
the factor "b" for instance, may affect the results if an excessive
number of observations cause fatigue. It is not anticipated that
the actual time of day would appreciably affect the results, but
observations on each target have extended throughout the day and
therefore the effect of time tends to be included in the overall
results. Internal conditions may perhaps affect the results of
observations under certain circumstances. Indeed some psychologists
have claimed that even a strategically timed coffee break can improve

psychophysical results. The particular purpose of these experiments
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was to investigate pointing accuracies obtainable in photogrammetric
practice. While the observations have been made with considerable
care and concentration, the external laboratory conditions were
similar to those which may be expected in photogrammetric practice,
In addition, it is anticipated that with a large sample of targets,
and a large sample of observations on each target, a representative

pattern of results has been obtained.

From Si(i = 1 to n)stimuli presented to the observer on
Oj(j = 1 to m)occasions, a response matrix R is derived for each
observer, where each single response element is Rij° For more than
one observer Pk (k = 1 to 1), an additional dimension is added to
the matrix, giving single response elements Rijk' The response
Rjk by each observer to stimulus Si has a mean Rk derived from N

observations:-

where €.y is the variability of the discrimination of the observer
for each single observation. The shape of dispersions, ejk for

psychophysical testing may or may not follow a symmetric pattern.

Over a restricted range on the S-scale, S and R are approximately
linearly related. This can be seen by reference, for instance, to
Fechner's logarithmic law, which is approximately linear over a
restricted range of the S and R scales. It may therefore be assumed
that the small dispersions of both S and R follow approximately the
same frequency distribution(Guilford, 1954, 28). Guilford states
that there is considerable evidence that discriminal dispersions
follow the symmetrical normal distribution, particularly for tasks
similar to those studied in this work. O0'Connor (1962, 1967)
has assumed normality of dispersions on the stimulus scale throughout.
There seems ample justification, therefore, for assuming that the
observations in this study also follow a normal distribution.

Sample tests of normality, however, have been carried out in Appendix B.
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The three classical methods of psychophysical testing which
determine the RL and DL on the stimulus scale will be outlined in the
next section. This will be followed by a brief description of
some aspects of the more recently developed scaling procedures, which

aim at determining the response matrix K.

4.4 Classical Methods of Psychophysics.

4,41, Method of Limits.

The method of limits is normally used for the determination of

response thresholds of stimuli. The test object is presented to the
subject in a series of steps in either ascending or descending order.
For instance, in determining the luminance intensity threshold, the
experimenter would commence with a stimulus brighter than the
threshold. In a series of trials where the intensity of the stimulus
is decreased in equal steps, the subject must judge whether or not the
stimulus is above threshold. The point at which the stimulus is

no longer visible is a measure of the threshold for decreasing stimuli.
A similar set of observations must also be carried out for increasing
stimuli. This method, which is covered thoroughly by Guilford (1954),
Candland (1968) and Sidowski (1966) has not been used in this research,
because it is unsuitable for testing photogrammetric pointing

accuracies.

4.42, Method of Average Error.

The average error method has been described as a '"free gift to
psychophysics from the exact sciences of physics and astronomy"
(Guilford, 1954, 86). Indeed, many fields of metrology, including
surveying use this method as a basis for their measurements. The
observer is required to produce equal stimuli by adjustment of the
stimuli himself, e.g. photogrammetric pointing, where the annulus
on one side of the MM must be equated to the annulus on the other.

The central position of the MM can be approached from two mutually
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opposite directions along each coordinate axis. The mean of the results
obtained from each direction along each axis may be used to find the Point
of Subjective Equality (PSE) (Candland, 1968, 95), ‘Guilford, 1954, 93),
although there does seem to be some doubt over this point. The statistical
testing of results obtained by this method is relatively straightforward but
because of the observational technique it does not allow a direct estimation
of a difference limen. Candland (1968, 95) states vaguely that the DL

can be estimated "from some assumptions about the PSE." Guilford (1954, 93)
suggests that the DL can be estimated from the mean of the combined data,

if the means from both directions are not statistically different, or
alternatively from the standard deviations of the individual directions.

The DL in this study has been estimated from the standard deviation from
only one direction of approach of the MM, because the means from opposite
directions prove to be significantly different. Such a value is

convenient when referred to photogrammetric practice however, since
generally error estimations are made using standard deviations of such
observations.

4.43 _ Analysis of Errors in Average Error Method.

Guilford (1954, 93) defines the occasional variable error of each
observation as e, * epo where €. represents the statistical fluctuation
in observations, and e the "error of movement' inherent in the method.
The extent to which the error of movement, e s is significant must be
tested statistically; e. is most conveniently described by the standard
deviation, 0'Connor (1967) has shown, figure 1.2, that the so-called
movement errors (termed systematic errors in this work) are indeed
significant, and may be of the order of 3 to 4 times the standard
deviation of a single observation, Ubservations in this study agree with
this finding, and in addition prove that such errors may vary if separate
sets of observations are carried out several months apart . It therefore
becomes necessary to use the standard deviation of one direction of
approach as an estimate of the DL, as stated in the previous section.

While it cannot be held that such estimates of difference limens would
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agree with DL's determined by other psychophysical methods, they are
suitable for comparing observations of different targets, all observed
by the same method. As will be shown in section 4.5, the method of
average error can also be treated as a psychophysical scaling method
if certain assumptions are made.

4.44. Suitability of the Method of Average Error to
Psychophysical Testing.

The average error method is considered to be an accepted procedure
for psychophysical testing. The active participation by the observer
in the experiments increases interest and motivation in the observations,
particularly for long series of experiments. However, activation of
the equipment (e.g. by handwheels or switch) during observations depends
on the transmission of response R through the body muscles to the
equipment., The instrument readings are therefore an indirect measure
of the observer's response. This leads to the so-called "motor errors'"
caused for instance, by the observer's inability to stop the instrument
at the precise moment when the MM is subjectively central, Motor errors
may also be due to the distracting influence of muscular effort, which
reduce the accuracy of the visual task. Conversely, muscular activity
may act as a form of irrelevant information, leading to accuracies higher
than can be obtained by the visual system alone. Guilford (1954, 96),
quoting Milller, speaks of "uncertainties of the hand" reducing the accuracy
of experimental results. .However, she, maintains that suitable design

of equipment should keep such inaccuracies to a minimum.

The method allows the observer to check the observation after
stopping the movement of the instrument, and to make a further adjustment
in the same direction if he sees fit. Because of the movement error,
which is apparently dependent on the direction of movement of the equipment,
setting must always be carried out in one direction. If checking shows
an overshoot, the observation must be completely repeated. Strong

evidence supporting this point will be given in Chapters 5, 6 and 7.
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An advantage of this method is that statistical testing is
straightforward, particularly if a normal distribution of observations
is assumed. A further important advantage is that the method of
observation is similar to that used in photogrammetric observations
and though it may include some small inaccuracies due to motor errors,
such errors may also be included in any photogrammetric observation.
The statistical estimate of the DL derived by these observations is

therefore applicable to photogrammetric practice.

4.45. Constant Stimulus Methods.

Guilford (1964, Ch. 6) describes the constant stimulus method,
or constant method, as the most accurate of the classical psychophysical
methods. Referred to the problem of pointing, it is carried out as
follows. Five or seven equally spaced MM positions are selected and
the observer must reply whether the MM is "left'" or "right" of the
centre of the target. The two extreme positions are chosen such that
replies will be correct about 95% of times, and the middle position will
be very close to the centre of the target. Generally, psychologists
prefer the subject to reply '"left" or "right' despite the fact that the
MM may be very nearly central. Replies to the middle position should
be guesses, and therefore approximately equally distributed between

"left" and "right',

Despite the fact that this method is considered as the most
accurate of psychophysical methods, procedures proposed for the treatment
of data, and particularly for statistical estimation of the accuracy,
have varied. The most accurate method of computation of the limen
and DL involves a least squares fit to a theoretical curve, using
suitable weights for the observations. As mentioned in section 4.3,
psychophysical tasks of the type involved in these investigations follow
closely a normal distribution. If the observations are expressed as

percentages of correct replies, (see Table 4.1), the "right" replies
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will increase from nearly 0% to nearly 100%, as the MM position is
moved from left to right across the target. The percentages of

the ""left'" replies will be the complement of the "right" replies.

Table 4.1.

Micrometer Setting No. of "Right" Proportion of
M) (S) replies Correct replies
(r)
20.00 78 .975
20.40 60 .750
20.80 45 .563
21.20 19 .238
21.60 2 .025
No. of observations to each setting = 80

The relationship between S (stimulus or MM position) and p, the
probability of "right" replies, will follow a cumulative normal
distribution curve or normal ogive. The proportions p can
therefore be transformed into the variable z by the formula -

Z

e}
1}

1 22
Jor exp (- 5-)dz

- 0O

Since p is normally distributed with respect to z, and also with

respect to S (or MM position), z may be expressed as
z = a + bS where a, b are constants.

The relationship between a, b and the elements of the normal
distribution of the observations is as follows:-

z

J 1 z2
8] = g j?f exp (- 5’) dz

Changing the formula, where z = a + bS and dz = b.ds,
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The cumulative normal curve is of the general form:

X
= 1 (X'g)zd
4 /e P Lt Tggr
4’
where X is the mean, and o is the standard deviation. The mean

of the observations is therefore - %—, and the standard deviation,

%3 expressed in units of the stimulus S.

Five or seven points are determined for the straight line
relationship between stimulus S, and the transformed proportions z.
Since the observations may not be exactly normal, they may not fall
exactly on a straight line. The recommended method for determining
a best fit straight line is the least squares technique. A further
refinement recommended by Guilford 1is the assignment of weights to
the observations according to the proportions of correct observations.
These weights are based on the work of Miiller and Urban. Miiller
believed that observations near the central position, i.e. the
proportions of approximately 0.50, were more significant than those
which almost always result in a correct answer. The Miller weights
are proportional to the squared ordinate of the normal probability
curve at the distance z from the mean. This is to take account of
the fact that a small error in p results in a small error in z
at z values of nearly zero, but a large error in z for extreme z
values, or z values at the extremes of the normal curve. Urban

believed that for a least squares technique, the observations should be

weighted in proportion to their reliabilities. The standard deviation
of a proportion p is Op = Vpq/N where p = (1-q) and N = number of
observations, from the binominal distribution. Urban's weights are

therefore proportional to }j or l-g
o Pq
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Combined weights of Miiller and Urban (which are a product of
both effects) are generally adopted. They vary from 0.11 for
proportions of 99% to 1.0 for proportions of 50%. A least squares
fit, with Urban-Miiller weights, has been used to compute the PSE
and DL from observations in the study. The derivation of formulae

for the least squares adjustment is given in Appendix A.

The DL by the constant method is taken as the standard deviation
of the normal distribution, (%D, and the subjective centre, PSE, the
mean of the observations or the position of the MM when p = 50%.
Guilford (1954, 131) gives proposals put forward by some psychologists
for estimating the standard deviation of the PSE. After the work
of Culler and Linder, Guilford uses an estimate of the standard

deviation, referred to as. the Modified Culler Formula, as

%pse = PV NEwp)
where DL 1is the difference limen of the observations
N 1is the number of observations on each setting
W is the Urban - Miller weight

p 1is the proportion of "right'" or '"left'" replies.

The computed results in Appendix B show an estimate of the
standard deviation computed by the Modified Culler Formula, and
also from the least squares adjustment based on the Law of Combination

of Variances, In most cases they are substantially the same.

4.46. Suitability of the Method.

The constant stimulus method measures the ability to discriminate
the position of a motionless MM against the target, and the task is
different from that involved in the average error method. It is,
therefore, reasonable to assume, and this has also been supported by
the experimental evidence in Chapter 6, that the DL from this method
is significantly different from that determined by the average error

method. Since the task of photogrammetric pointing is one of centrally
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locating a moving MM on a target, rather than of discriminating a
stationary MM, it appears that the constant stimulus method is
unsuitable for testing photogrammetric pointing. (see section 4.6)
From an experimental point of view however, both the constant stimulus

and average error methods are useful and worthy of comparison.

4.5 Modern Psychophysical Methods - Scaling Methods.

In modern psychophysical methods, judgments or observations are
referred to the response or psychological scale, shown in figure 4.1.
In all scaling methods, a particular value on a linear scale is assigned
to each response. This linear scale may be graduated such that the
actual numbers are arbitrarily derived, but each number is correct in
relation to the others. Alternatively, the scale may be the stimulus

scale itself, and graduations on this scale referred to only as labels.

Scaling methods, involving comparative judgments, may be related
to Thurstone's Law of Comparative Judgment which defines the psychological

distance or separation on the response scale, between two stimuli as:

2 2 .
5k v GJ + Gk 2rjk ojok

where Rj and Rk are the mean values of responses to stimuli Sj and Sk;

zjk is the deviate from the mean of the unit normal distribution,

Gj and oy are the standard deviations of each response Rj and Ry to

Sj and Sk; and rjk is the coefficient of correlation between Rj and Rk’

Each of the elements in the above formula must be determined to

find Rj - Rk' Since some of these terms are difficult to derive,

Thurstone's Law may take on a number of approximate forms, depending on
the assumptions made on Oj’ 9 and rjk” Approximation referred to as
Case V (Guilford, 1954, 156) assumes that Rj - Ry = 2 95 V2.

(1.e. Oj = 0y and rjk = 0)
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The methods of average error or constant stimulus may be considered
as scaling methods for pointing observations based on Case V above.
Each pointing observation by the average error method requires the
discrimination of the annulus on each side of the MM, and a decision as
to whether the annuli are equal. The response to each annulus on
each occasion is R,. and R,. . When R.. = R.. the annuli are subjectively

ij ik i] ik

equal, despite the fact that the annuli may actually be unequal, i.e.
Sij may not equal Sik’ Rij and Rik will have dispersions Oj and O
Any single observation i will therefore result in responses
Rij = Rj + eij are Rik = Rk + i where eij and ey are the
occasional variability in response. Each pointing observation requires
that Rik = Rije If the means Rj and Rk must also be equal, then
statistically ej must equal &, or Oj = Op-

A further assumption made is that rjk = 0, i,e. the response
to the area of the annulus around j figure 4.2 must be uncorrelated
with the response to the area of the annulus around k. It is difficult
to say positively whether this is indeed the case. However, the
significant sections of the target to the observer if the MM is moving
from left to right, are the areas of the annulus centred around j and
k in figure 4.2, on opposite sides of the MM. These areas are
separated by the MM diameter, and should cause separate stimulation at¥*,

and response by the observer. It therefore seems reasonable to assume

that responses Rij and Rik are uncorrelated.

* This condition is satisfied if the MM is sufficiently large. The
convolutions in Chapter 3 indicate that a MM of 0.8 to 1 mrad
should be satisfactory.
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FIG. 4.2: THE RELATION BETWEEN STIMULUS AND

RESPONSE SCALES FOR THE TASK OF
POINTING.
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Based on case V of Thurstone's Law, provided the above
assumptions are valid, the psychological distance is thus
Rj - Rk = zjko/z.cj. The execution of pointing by the average
error method, requires the observer to evaluate Rij - Rik continually
as the MM approaches the subjective central position, At the instant

ik

assessment of Rij - Rik as seen by the above formula, 1s dependent on

when R.. = R., (i.e. R.. - R., = 0), movement of the MM ceases. The
ij ik ij

W Ry Ry

equivalent to the DL for pointing, is therefore a statistical quantity,

the dispersion Gj (=0 for each observation, which is

k

deviation Oj results in a ij value of unity). The measured value,

proportional to oj. (Expressing Rj - R, in terms of the standard

Sm on the stimulus scale, which represents oj, hence may be used to
derive Rij - Rik if the effects of muscular activity are ignored. That
is, Sm on the stimulus scale, will be a scaling factor for the DL on the
response scale. Each individual target, which involves its own task
of comparative judgment, will give one scale value against which the
scale values of other targets can be judged.

The inclusion of the classical psychophysical methods as scaling
methods, is supported by Guilford (1964, 260) and Candland (1968, 115).
Similar reasoning would also apply to the constant stimulus method.

It is important to realize however, that since different types of
observations are involved for the average error and constant stimulus
methods, the dispersions may not be the same, resulting in different

scale numbers for the two types of observations.
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The classical psychophysical methods can therefore be considered as
scaling methods provided the necessary assumptions are made on the behaviour
of ¢. and S There are no indications in the literature that these
assumptions are invalid for this type of psychophysical task, though very
little research has been carried out on such work. Measurements on
the stimulus scale are important for this work, since results are required
for reference to photogrammetric practice. The fact that observations are
determined by a valid psychophysical method perhaps allows a direct comparison
with psychophysical results and laws derived by other scientists. While
it is agreed that results may depend on the method of observation, and to

some extent the method of data processing, relative comparisons should still

be possible,

Having discussed the various psychophysical methods, the reliability
and validity of these methods will be defined. This will be followed by
a brief outline of some recently developed psychophysical laws.

4.6 Reliability and Validity of Results Obtained
by Psychophysical Methods.

Blackwell (1953, 4) defines reliability and validity of psychophysical
methods as follows:-

Reliability within a session is analysed by statistical processes,

which test the goodness-of-fit of the measurements to a theoretical

curve, e.g. normal frequency curve.

Reliability between sessions is inversely proportional to the

variance obtained with repetitions of measurements by a given

procedure.
The reliability of a method may also depend on the variation of means
obtained in different sessions. Means have sometimes been found to be
unreliable in observations in this study. Full statistical tests have
been carried out to check the reliability of both means and standard
deviations. Discussion of the statistical methods used can be found in

the Appendix A,
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A method is valid if it indeed measures the quantity it purports
to measure. Regarding psychophysical methods used to determine
photogrammetric pointing accuracies, it appears that the method of average
error is a more valid procedure than the constant stimulus method since
the observation in the average error method is very similar to that
employed in photogrammetric pointing. This factor has already been
discussed in section 4.46. Further, the standard deviation derived
by the average error method is suitable for use in studying propagation
of errors in the photogrammetric system, but it may prove to be
unsuitable or even invalid if a true estimate of the DL is required.
The constant stimulus method, on the other hand, may well prove to be
the most suitable method for investigating the true DL and the PSE,

unbiased by any movement error,

4,7 Recently Developed Psychophysical Laws.

Guilford (1954, 41) has quoted variations of Weber's Law in the
L
form of AS = KS* after Fullerton and Cattell. A more general form of

n This is similar to the form of

this equation however is AS = KS
psychophysical equation proposed by Stevens (1962, 30), which refers to

the response scale. Stevens' formula is ¢ = K(¢ - ¢O)n

where K 1is a constant depending on the choice of axis;

n 1s the exponent which depends on the modality or
sense investigated, and also external parameters of
the experiment, e.g. adaptation level;

Y 1s the psychological response or magnitude to the
stimulus ¢; and

9 is the effective threshold measured on the stimulus scale.

Evidence put forward by Stevens includes work based on a number
of modalities and even cross-modalities, but this evidence cannot be
considered as conclusive. The experimental procedure used by Stevens

was the so-called magnitude estimation method, where the observer must
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numerically estimate his subjective impression of the stimuli. This

technique is another example of psychophysical scaling methods.

The above formula can be readily represented by a linear
relationship if plotted on logarithmic scales. The curves in
figure 1.1 representing pointing accuracies are linear on logarithmic
scales over a wide range. Since the experimental method used to
derive these curves is a psychophysical scaling method, as shown in
section 4.5, it is valid to relate Stevens' law to these results.
Attempts have been made in this work  to relate further experimental

results to this law.

While the determination of a general psychophysical law is not the
main aim of this study, it is felt that a favourable comparison with
existing laws gives a check on the validity of the data derived from the
experiments. In addition, the data may well be one more contribution
to the substantiation or otherwise of existing laws. Such a comparison

has been made in Chapter 6.

4,8 Conclusion.

The average error method may be assumed to be a valid psychophysical
scaling method, suitable for the experimentation of photogrammetric
peinting accuracies, Though the constant stimulus method may also be
a psychophysical scaling method, it is doubtful if it is suitable for
photogrammetric pointing investigation, considering the different type of
task involved. Since both are psychophysical scaling methods, the
results obtained from them may be compared with existing psychophysical

laws.,
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5. EXPERIMENTAL PROCEDURES.

5.1 Introduction.

The pointing experiments to be carried out in this work entailed
the design of an instrument which could make precise measurements on
blurred and sharp targets. It was proposed to construct an instrument,
as simply as possible, keeping in mind the limited finance available,
which would give measuring accuracies of 1 sec. of arc (5 urad) or
better. To simplify the design it was decided to investigate movements
of the MM parallel to the eye-base only (approximately parallel to the
x-direction in a photogrammetric instrument), O'Connor's (1967)
results indicate that for annulus widths greater than 300 urad and sharp
targets, accuracies in the x and y-directions for several observers,
prove to be statistically the same. In some cases they prove to be
different for annulus widths smaller than 300 prad, but there is no
conclusive evidence for this finding. In any investigations on visual
tasks, it is reasonable to assume that the pattern of results obtained
by one or two experienced observers is indicative of the pattern which
would occur for all experienced observers. Results of standard
deviations of pointing to blurred targets obtained in these investigations
may therefore be assumed to indicate the form of the relationship between
pointing accuracies and blurred targets, although small variations will be
expected from these results, for different observers. It is proposed
that the results obtained in these experiments will be applicable to
observations in both the x and y-direction, keeping in mind that
sizes of annuli of targets being observed are larger than 300 urad.
O'Connor (1968) has also shown that pointing errors in the x and
y-directions are uncorrelated. The separation of observations in the

x and y-directions in this study is also based on this finding.
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5.2 Psychophysical Methods Used.

In Chapter 4, the conclusion reached was that the average error
method of observing represented the most valid method for investigating
pointing accuracies, particularly because of its similarity to
observational techniques in photogrammetry. As a means of comparison
with other psychophysical methods, the constant stimulus method has also
been used, since it has been adopted by some experimenters in

photogrammetry (e.g. Zorn, 1965).

5.3 Design of Experiments - Statistical Approach.

The variables to be investigated in these experiments, were the
size of the annulus, the degree of blur of the target and its background
density. An efficient approach to the investigation of these variables
is to carry out an analysis of variance based on a factorial design of
experiment (Moroney, 1951, Ch. 19). This would mean the selection of
a number of discrete values for each of the above variables, and the
observation of targets containing all possible combinations of these
values, For instance; if 3 different annulus widths, 3 background
intensities, and 5 degrees of blur of the target are chosen, 45 different
targets would be observed. Applying a factorial design however.to
psychophysical investigations is difficult for the following reasons.
Firstly the exact width of the target as seen by the observer is impossible
to predict before observations commence. This is deduced from the fact
that different observers determine the target edge by psychophysical
observations at different positions on the target (Trinder, 1965),

(see section 5.53), The use of a set of targets of specific widths
for a number of observers is therefore impossible. The accuracy of
width measurements of blurred targets is however very low, and hence
some range in the widths may be allowed. Secondly, small targets
become invisible after a relatively small amount of blurring

while large targets can be blurred considerably before they become

invisible. It is therefore impossible to use all combinations of
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degree of target blur, and target width for the observations.

An analysis of variance has been carried out in this research in
two groups, involving two variables each, as follows. Three levels of
background density were chosen - 0.25, 0.40 and 0.70 - which cover the
normal range of density levels on aerial photographs. Targets were
printed for each of these densities, to give an annulus width of
approximately 2 mrad, at different grades of blur. It was not known
at the commencement of the experiments, which characteristic of the
blurred target was significant in determining pointing accuracies.

As the observations progressed, it became apparent that the slope of
the density profile of the target expressed as AD/mrad.is a significant
factor affecting pointing and therefore this was used as the parameter
to describe the blur of the targets. By selecting suitable targets
from the total observed, a variance analysis was carried out between
the slopes of the target density profile and the background densities
for annulus sizes of 2 mrad. Five levels of target blur were chosen
at each of the three background density levels, Test No. 1. The
actual levels of blur and background density of each target may vary
slightly from the nominal values. Effects of these differences are

minor and merely introduce a small amount of 'moise'' into the analysis.

Three separate analyses, testing the effect of width of annulus
against grade of blur for targets of 0.25 background density, were
necessary. The first involved 0.8 mrad and 2.0 mrad annuli at four
levels of blur, Test No. 2. The second tested targets with 2.0 and
5.0 mrad annulus widths against three levels of blur of the target
profile, Test No. 3. Test No. 4 analysed annuli of 2.0 mrad and
5.0 mrad against two levels of blur at a higher adaptation level.
Since Test No., 1 indicated that background densities have only a minor
effect on pointing accuracies, they were not included in the remaining
tests. Following the completion of the analysis of variance, a linear
regression of logarithm (slope) against logarithm (pointing standard

deviation) has been carried out as described in section 6.3.
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The analysis of variance adopted in these experiments required more
observations than were necessary, for a purely factorial design of
experiment. This was so because of the difficulties encountered in
deriving the widths of the targets, and the significant characteristic

of blurred targets, which affects pointing accuracies.

5.4 Instrumentation.

In the design of the instrument for the research, it was decided
to use direct viewing with no optical elements between the observer and
the target. While this may not be of the utmost importance for sharp
targets, optical elements may well influence results for blurred targets.
Results in Chapter 6 tend to substantiate this point. The target in
the instrument as shown in figures 5.1 and 5.2 is set in a vertical
plane, such that the horizontal viewing line is at right angles to the
plane of the target. The MM is attached to a clear perspex sheet which
slides along a rail located 1 mm.in front of the target and parallel to it.
A small spherical bearing attached to the perspex screen is the point of
contact with a micrometer screw 25 mm. long. The micrometer is driven
by a 1/25th horse power electric motor with rotation speeds ranging from
60 RPM to zero (30 mm. per minute to zero). Speed is controlled by
means of an electronic switching device manipulated by the observer at
the viewing stand 10 meters away. Least count of the micrometer drum
is .001 mm. or 0.1 prad. (0.02 sec. of arc). However, it is believed that
the accuracy of the instrument is approximately 0.5 prad, (.005 mm. on the
micrometer drum). Repeatability tests on well defined targets using
theodolite telescopes have given standard deviations of better than 1 urad.
The accuracy of the instrument is therefore more than 10 times higher than
the pointing accuracies being investigated in this research. Observations
have been carried out under controlled temperature and humidity conditions,
and therefore no corrections were necessary for atmospheric conditions to
either micrometer or target. Movements of the MM can be made in either

direction because the MM slide bears on to the micrometer spindle with the
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force of a 2 1b. weight which is attached to the slide by a cord,
via a small pulley. Since there were no linkages between the
micrometer spindle and the MM slide, no backlash existed in the
instrument.  Backlash in the micrometer drum itself was also

negligible.

Illumination of the target was by a tungsten filament lamp
set 2 feet behind the target, and diffused by a diffusing screen
6'" behind the target. This screen was the commercially known
product Polacoat, which is claimed to be 80 - 90% efficient.
Luminance of the target area, approximately 10 inches in diameter,
was found to be constant at 12 mL, based on measurements on an SEI
Photometer. Pointing observations were carried out in a laboratory,
the lighting of which was used to illuminate an adaptation screen,
5" by 7' . z' in front of the target. The luminance of this screen
was 15 mL. The whole instrument was obscured from the observer
by the screen except for the target area and the micrometer, which was
read using a theodolite telescope. Observations were carried out
from a stand with a head rest,10 meters from the target. The left
eye was used by the observers because it was the eye normally used by
them for monocular viewing; the right eye was restricted from seeing
the target by a small screen on the viewing stand, but otherwise
could see the area round the target, thus providing for equal adaptation

of both eyes.

5.5 Observational Technique.

5.51 Average Error Method.

At the commencement of taking readings by observer No. 1, JCT,
with the MM approaching the target from the left hand side, large
systematic errors were noted when the subjective centre was compared
with the true centre. This was particularly noticeable during the

early part of the two weeks' practice period by JCT. The systematic
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error decreased with experience, but was still significant. In an
attempt to eliminate systematic errors the early targets were
approached from both the left and the right hand sides with the belief
that the mean of the two directions could give the true centre. This
appeared to be justified considering the statements of Candland (1968)
and Guilford (1954), mentioned in section 4.42, The mean values of
observations to target numbers 26, 18, 19, 21 clearly indicate that
this approach would not give reliable estimates of the centre.  Further
discussion will be given on this point in section 5.52. For the
purposes of investigating the standard deviation therefore, approach
from the left only was used, This gave consistent mean values and

enabled estimation of the systematic error.

It was found that the MM could be reset to a given position with
a standard deviation of approximately 200 urad, by mentally recording
the movement time of the MM, without reference to the target. The
maximum standard deviation that could be investigated, unbiased by this
time effect, was therefore considered to be approximately 1 mm. on the
micrometer drum (100 pyrad.at 10 m.). For the investigation of the
larger annuli of 5 mrad, the observation distance was reduced to S m.,
giving standard deviations on the micrometer drum of 0.7 mm. or less.
Observations on sharp targets at both 5 m. and 10 m. viewing distance
indicated that observation distance did not affect pointing accuracies

to targets viewed under similar illumination conditions (Table 6.1).

The adaptation level for several targets observed at 5 m. was
higher than planned, because the laboratory illumination close to the
observer had not been controlled. In this case it was difficult to
estimate the actual adaptation level, but it was clearly well in excess
of the 15 mL. luminance of the adaptation screen. The results at the
higher adaptation level have been presented firstly to indicate the
fact that adaptation level will alter the results, but particularly to
give further data for testing the effects of widths of the targets in

section 6.2,
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Before commencing an observation, the MM was moved well off

to the edge of the target. In the process of centering, the target
was approached with care and at a slow speed of the motor. If an
overshoot was suspected, the whole operation was repeated. Initially

4 sets of 25 observations were taken; the 100 observations resulting

were considered to be sufficient to obtain reliable estimates of both

the mean and standard deviation, The standard deviation of the mean

is then(standard deviation of a single observation)/ V99, and the 95%
confidence interval of the estimate of the population standard deviation,
S, derived from the xz—distribution was (0.88 5 to 1.16 S. After some
experience however with very blurred targets, 10 sets of 10 observations
were found to avoid fatigue more effectively, and therefore the majority
of targets were observed in 10 sets of 10. O'Connor (1967) indicated
that there was statistically no difference between results of 5 sets of
50 observations, and 10 sets of 10 in his experiments. Similar results
were noted in these investigations where both 4 x 25 and 10 x 10 observations
were taken, (targets 18, 19, 21 ). The number of observations to each

target is shown with the results in Appendix B.

In addition to the blurred targets observed in this research, a
number of sharp targets were also observed. This was done firstly to
compare the two observers in these investigations with O0'Connor’s (1967)
observers, and secondly to give a basis for judging the =zffects of blur

on pointing accuracies.,

5.52 Elimination of Systematic Error.

The difficulties which arose in attempting to eliminate the systematic
errors by observing in each direction may perhaps have been predicted,
especially since conflicting conditions were imposed on the viewer. On
the basis of these results the evidence is very clear that once a fixed
observational technique has been established, observations can be

consistent, provided the same technique continues. In the case of
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pointing, a constant direction of approach is very important for reliable

results. (see Chapter 7)

For the elimination of systematic errors, an observational technique
has been devised, whereby the observer '"sees'" the MM to move always in the
same direction in relation to the target. This is effected by a dove
prism which can rotate the image of the target and MM through any required

angle, The prism was used in two positions:

(1) So that the MM appeared to move, as in the instrument,
from the left - in this case the whole instrument
was inverted.
(i1) So that the MM appeared to travel from the left when in
actual fact it travelled from the right - in this case
the instrument was upright, but mirror reversed.
The procedure used in observing was to centre the MM, moving from the left
with the dove prism in position (1i). After recording, the MM was moved
off to the right, the dove prism rotated to position (ii), and the MM
recentered. It was proposed that this procedure of alternate observations
would eliminate any variation in the systematic erfor. While this was not
necessary for experienced observers, it was thought advisable for inexperienced

observers whose systematic error tends to vary during sets.

Sharp targets only were observed in this series, because the correct
target centre could be determined more accurately for sharp targets than
for blurred targets. To eliminate any influence on the results, caused
by the observer's recording his own measurements, readings were taken by
an assistant. The whole instrument was arranged completely symmetrically
with the adaptation screen symmetrical with the target, such that the
external conditions did not affect the centering result. The exact
location of the central position of the MM was found by taking theodolite
observations of the widths of the annuli on each side of the MM for an
approximately correct MM position, and subsequently adjusting the MM by
half the difference in widths of the annuli. A Wild T3 was used for these
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observations having a least count of 0.2 sec. (0.0l mm. on the target).
The observations were taken twice each on 10 horizontal cross-sections
over the target,giving standard deviations for the location of the

central position of the MM of 0.03 mm. or 3 urad.

5.53 Constant Stimulus Method.

The operation of the constant stimulus method is explained in
section 4.45. Five settings were chosen and each presented to the
observer 20 times in one sitting, lasting approximately 30 minutes.

The order of presentations was random, according to numbers chosen

from random number tables. Difficulty was encountered in obtaining
suitable settings for the observations, and in some cases one or even

two full sets had to be taken to find the values. Since different

means and standard deviations result from this method, than from the
average error method, readings obtained from the latter method could

not be used as a guide for determining settings for the constant stimulus
method. Each setting was presented to the observer by raising a shutter
built into the adaptation screen. Replies were either '"left" or "right"
as advised by Guilford (1954). In addition, replies of '"doubtful left"
and '"'doubtful right' were also allowed. These replies were included

in the respective left and right categories when collecting the results,
but gave a more acceptable reply to near central MM positions. Results
of these observations and associated computations are given in Chapter 6

and Appendix B.

5.54 Determination of Widths of Targets.

Since widths are an important factor in determining pointing accuracy,
it was necessary to locate the edge of the target as part of the observational
procedure. Edge location is a subjective determination (Hempenius,

1968, 18), depending on the illumination, observation distance and
particularly the observer. Although a detailed study of the characteristics

of edge location was not intended in this work,an estimate of widths was
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necessary to relate pointing accuracies to characteristics of the target.

The measuring mark used for these observations was as shown in

figure 5.3.
e
//// /////i/”
A
~ /
1
Fig. 5.3. Measufing mark used for edge location experiments.

The gap between the two sections gave the observer an unobstructed view

of the whole target edge. Though it was necessary to visually interpolate
the line across the edge of the target, it was felt that this arrangement
was preferable to an unbroken line which tends to bias the observations.

The width of the line was 1 mm. or 100 prad at the viewing distance of 10 m.

The first target observed for centering experiments was a 0.5 mrad
annulus sharp target with 0.3 density background. Initial average error
method pointing observations by JCT indicated a significant undershooting
of the MM of 80 urad, though a standard deviation of 17 urad for a single
observation could be obtained. To check that the observer perceived
both edges of the target symmetrically with respect to the actual edges
of the target, constant stimulus observations were carried out on both
edges of the target without a black circular MM placed in the centre of
the target. Further observations were taken with a black MM placed
in the centre, on the left hand edge of the target and on the right hand
edge of the MM. The full series of observations taken on this target

are shown schemetically in figure 5.4, together with the results.
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(a) ) (¢)
l 112 yrad 98 Mid\l’ I 116 yprad

Entry No. Appendix B
40 41 42
Fig. 5.4. Constant stimulus observations taken on 0.5 mrad target

As can be seen, no significant difference was observed between edge
locations in (a ) and (b ), see Appendix B.3, or (a ) and (¢ ) and
therefore the subjective locations of the edges of the targets were
symmetrical with respect to true edges: the MM also did not alter the
subjective location of the edge of the target. The location of the
MM edge was particularly difficult, and little can be drawn from the
above measurement, other than that the subjective edge of the MM is

close to the true edge.

The widths of blurred targets were also initially observed by the
constant stimulus method using 40 observations on each setting. However,
it became clear when considering the low degree of accuracy of these
determinations (the standard deviation was between 50 and 100 urad),and
the relative unimportance cf the width of blurred targets,in determining
pointing accuracies, that a large number of observations was unwarranted.

The bulk of the widths were therefore determined using the average error

method, by approaching the edge from both directions. An extended rest
period (usually overnight) was taken between each set. The location of
the edge was then taken as the mean of the two sets. Several tests

showed that edges determined by the above method and the constant stimulus

method were not substantially different.
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Both JCT and AHC observed the widths of the targets. This was
necessary because each observer "saw' the edges of the target at different
positions, AHC usually appearing to see the target wider than JCT. The
widths of the targets observed are shown along with the data on each target
in Tables 6.2 and 6.3, In the cases where density profiles of targets
have been presented in Appendix C, location of edges are shown superimposed

on these profiles.

Subjective width determinations of sharp targets of different
background densities were not carried out as was thought necessary by
Trinder (1968). Since edge locations on blurred targets according to
JCT and AHC were significantly different, it was clear that similar
observations on sharp targets would be unwarranted. Different observers
may see the width at quite widely distributed positions on the profile.
For this reason the widths of the convolved curves in Chapter 3 were
computed at a number of different levels of intensity. The fact that
almost the same proportional difference in widths is obtained at the
different intensity levels on the profiles (Table 3.1), is further

evidence for not carrying out width determinations on sharp targets.

5.6 Observers.

O'Connor's experiments indicated the possible variations in standard
deviations for sharp targets with different observers. In addition to
JCT a second observer,AHC, was therefore used for the investigations in this
work. Considering the large amount of time necessary for each target
(approximately half a day excluding the necessary rest breaks), it was
impossible for AHC to observe every target. However, the targets
observed by him are representative of the whole series. Occular and

visual characteristics of both JCT and AHC may be found in Appendix E.

A number of additional observers were contracted to test the
technique of eliminating the systematic errors. They were all young

men in their final year at University, and there was no reason to suspect
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that any of them should have serious defects in their vision. None

of them had had experience in pointing other than in their training of

4 years at University. They may be classed as unskilled, but generally
observations by such students with theodolites might be termed fair.

Each observer made 30 observations from each direction alternately.

5.7 Production of Targets.

5.71  Sharp Targets and MM.

The sharp targets were cut from photographic film of a specific
density using a sharp compass. Background density of the targets
was chosen as 0.30 D, though pointing accuracies are not influenced
by background density (0'Comnnor, 1967) for the range of annulus widths
being investigated. The MM,1.0 mrad in diameter was made of

aluminium sheeting and adhered to the MM slide with black paint.

5.72 Blurred Targets,

Trinder (1965) developed an optical anologue computer (termed
"Umbrascope') for the purpose of carrying out convolutions of annuli
and point spread functions. It was intended to use targets with
gaussian blur characteristics in this research because the general
blurring characteristics of photographic systems closely approach a
gaussian function, i.e. the spread functions of photographic systems
are approximately gaussian (Hempenius, 1965) (Wolfe and Tueccio, 1960).
The Umbrascope equipment was used to carry out similar convolutions of
sharp circular targets, and gaussian spread functions to produce

blurred targets for this research.

In figure 5.5, the variable transmittance pattern on shelf A
transmits illumination according to a gaussian function. The circular
pattern which is graded in discrete steps of 10%, is made up of layers
of film of different densities, such that the curve joining the centres
of the steps is a gaussian curve of transmittance. This pattern

represents the point spread function to be used for the convolution.
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The steps are not apparent in the pattern after convolution on shelf C,

because diffused light is used.

The opaque area on the intermediate glass shelf B, the circular
sharp target, masks out the central area on the top shelf C from the
projected light. However, since the illumination is diffused,light
from the edges of the transmittance pattern will partially illuminate
the masked area, as shown in figure 5.5. The extent to which the
masked area is illuminated depends on the level of the intermediate
shelf B, and the size of the target on shelf B. When the shelf B is
close to shelf C, the pattern on C, the blurred target, is dark in the
centre and grades sharply to light at the edges. If the shelf B is
close to A, the illumination from both sides of the transmittance pattern
overlaps, giving a pattern on C which is grey in the centre and graded
to light on the edges. Because a significant amount of blur is
necessary before pointing accuracies are affected, most targets were
printed with the blur patterns overlapping, giving only small changes in

density on the target from background to centre.

The accuracy of this technique has been discussed before (Trinder,
1965). It was conceded that the two main limitations are firstly in
the efficiency of the diffusing screen below the pattern, and secondly
in the increasing inefficiency of the illumination of inclined rays
from the edges of the transmittance pattern. The diffusing screen
in the instrument was Polacote referred to in section 5.4. The second
factor depends on Cos" (angle of inclination of ray) and becomes
particularly significant for greatly inclined rays. However, the
inclination of rays generally was 10° or less and therefore this effect
is only small. Background densities around the targets did not vary
more than .02 to .04, for a distance of 4 cm. from the edges of the

photographed target.

Tests with this equipment (Trinder, 1965) and in the present work

show close comparisons between a theoretical gaussian curve and the
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profiles actually obtained. Examples of the comparison are shown in
figure 5.6. The o-values of the effective spread function for six
levels in the Umbrascope, and two different gaussian patterns are shown

in Table 5.1.

Table 5.1.
o - values of spread functions for six levels of the

Umbrascope expressed as mrad for a viewing distance of 10 m.

" Level Pattern Pattern
1 2
1 .95 1.4
2 .73 1.1
3 .55 0.82
4 .36 0.58
5 .20 0.37
6 .04 0.10

Although small discrepancies exist in the comparisons in figure
5.6, these did not affect the assessment of results, since ali targets
were measured on a Joyce Lobel Automatic Recording Microdensitometer
and therefore the exact profile of the target was obtained. The
approximation to a gaussian function however is sufficiently close for

comparison with photographic systems in Chapter 8.

Targets were printed on photographic film (Gevaert N31P) with a
vy of approximately 1. Three different background densities of 0.25,
0.4 and 0.7 were chosen, covering the normal range of densities
occurring in photogrammetry. The sizes of the targets were also those
normally found in photogrammetry, giving annuli ranging from 0.3 mrad to
5.0 mrad, equivalent to annulus widths of 7.5 u to 160 u at 10x
magnification in a photogrammetric instrument, or target sizes of 55 u
to 360 u, using a MM of 40 v, Printing the targets onto film gave

a light central area with a dark background.

The profiles of the targets were recorded at a linear magnification

of 5x on the microdensitometer. Fine reference scratches on the targets,
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also recorded on the trace, were used to calibrate the target for finding
the systematic error. Though the magnitude of systematic errors was
not considered a significant part of this research, it was thought that
an impression of the way in which systematic errors behave could be
gained from the observations. The centre of the target was derived
from the symmetrical density trace of the profile, and referred to the

micrometer readings via the reference scratches.

To describe the target, the trace was analysed in terms of 3
elements - background density, the grade of the blur of the target in
AD/mrad, and the width of the annulus derived from observations in
section 5.53. The flanks of the profiles of the targets were
sufficiently long to allow accurate estimation of the grade of blur.

Results of the observations will be presented in Chapters 6 and 7.
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6. STANDARD DEVIATIONS OF OBSERVATIONS TO SHARP AND BLURRED TARGETS -
PRESENTATION OF RESULTS.

6.1 Introduction.

The results of the observations to blurred and sharp targets are
summarized in Tables 6.1 to 6.4, Examples of statistical tests which
have been carried out on all targets may be found in Appendix B.

Table 6.1 contains results of observations by both JCT and AHC on sharp
targets. Since the blurred targets have been investigated in terms

of three variables, i.e. target blur, width and background density,
pointing accuracies for blurred targets using the average error method
have been presented under the heading of background densities, and under
separate sub-headings of grade of blur, and target width in Tables 6.2

and 6.3, In cases where a viewing distance of 5 m. was used, observations

have been appropriately marked; the remainder were observed at a distance

of 10 m. Observations carried out by JCT at the higher adaptation level
are also included in Table 6.2 The systematic errors presented in Tables
6.2 and 6.3 are for the MM moving from the left. A discussion on systematic
errors may be found in Chapter 7. Results of centering observations by

the constant stimulus method are summarized in Table 6.4, while examples

of associated computations are given in Appendix B.3.

With regard to the use of statistiés in psychophysical research, the
large number of possible variables entering into the investigations must be
kept in mind. Graham's (1951) statement given in section 4.3 shows that
the psychophysical response to stimuli may depend on many factors such as
motivation, attitude, time etc. as well as the stimulus conditions being
investigated. Statistics require the treatment of homogeneous data of
the same statistical registration. If additional variables enter into
the investigations, then theoretically the application of statistics is

invalid, unless these variables are included in the statistical tests.

In this study, statistical testing has been used as a guide in

Appendix B, and in the following analysis of variance. The analysis
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Table 6.1.

Summary of Standard Deviations and Systematic

Errors of Pointing to Sharp Targets.

Width Viewing Dist. S System., Error Target No.
mrad {m) urad urad
Observer - JCT
0.5 10 m 16.7 Undershoot 75* 1
1.0 10 13.9 Overshoot 30 2
2.0 10 22.3 H 16 3
5.0 10 43.5 " 18 4
1.0 5 16.0 Undershoot 58% 2a
2.0 5 22.8 0* 3a
4.0 5 38.0 - 4a
Observer - AHC
0.5 10 16.0 gtUndershoot 40 1b
1.0 10 17.1 0 2b
2.0 10 29.3 Overshoot 176 3b
5.0 10 53.8 " 211 4b
2.0 5 26.2 - 3c

*

Systematic Errors not plotted in Figs., 7.1 and 7.2




Observer
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Table 6.2.

Summary of Standard Deviations and Systematic

Errors of Pointing to Blurred Targets

. JCT

Argument - Grade of Blur

Stand. Dev.

Blur Width Back. Dens. System. Error No.
AD/mrad mrad prad urad

0.012 2.2 0.24 104.0 u'shoot 280* 5
0.015 5.5(5m) 0.20 114.0 o'shoot 720 6
0.017 2.2 0.17 81.6 n 720 7
0.024 5.5(5m) 0.20 84.0 u 460 8
0.025 2.0 0.20 67.9 " 60 9
0.031 2.4 0.25 56.5 " 160 10
0.035 2.0 0.30 50.7 " 160 11
0.037 2.0 0.26 58.5 " 320 12
0.040 0.6 0.19 56.3 " 370 13
0.042 1.9 0.20 41.0 " 450 14
0.043 4.6(5m) 0.25 60.6 " 370 15
0.072 0.4 0.22 33.7 0* 16
0.077 0.9 0.20 29.9 " 50 17
0.082 1.7 0.30 30.0 - 18
0.10 2.7 0.26 25.6 - 19
0.10 0.9 0.23 28.9 " 100 20
0.12 1.5 0.24 24.7 0* 21
0.125 0.8 0.23 23.8 " 40 22
0.15 0.3 0.22 34.0 u'shoot 80* 23
0,195 0.9 0.25 21.6 o'shoot 20 24
0.50 1.4 0.30 17.1 " 20 25
1.0 0.6 0.30 15.6 " 49 26

*

Systematic Errors not plotted in Figs. 7.1 and 7.2
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" 'Table 6.2, (Contd.)

Background Density = 0.25 : Argument - Annulus Width.

Width Blur Back. Dens. Stand. Dev. System. Error | No,
mrad AD/mrad urad urad

0.3 0.15 0.22 34.0 u'shoot 80% 23
0.4 0.072 0.22 33.7 0* 16
0.6 0.040 0.19 56.3 o'shoot 370 13
0.6 1.0 0.30 15.6 " 49 26
0.8 0.125 0.23 23.8 " 40 22
0.9 0.10 0.23 28.9 " 20 20
0.9 0.195 0.25 21.6 " 20 24
0.9 0.077 0.20 29.9 " 50 17
1.4 0.50 0.30 17.1 " 20 25
1.5 0.12 0.24 24.6 0* 21
1.7 0.082 0.30 29.5 - 18
1.9 0.042 0.20 41.0 " 450 14
2.0 0.037 0.26 58.5 " 320 12
2.0 0.035 0.30 50.7 " 160 11
2.0 0.025 0.20 67.9 " 60 9
2.2 0.012 0.24 104.0 u'shoot 280%* 5
2.2 0.017 0,17 81.6 o'shoot 720 7
2.4 0.031 0.25 56.5 " 160 10
2.7 0.10 0.26 26.5 - 19
4.6(5m) 0.043 0.25 60.6 " 370 15
5.5(5m) 0.024 0.20 84.0 " 460 8
5.5(5m) 0.015 0.20 114.0 " 720 6

*

Systematic Errors

not plotted in Figs. 7.1 and 7.2
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Table 6.2.

(Contd.)

Argument - Grade of blur.

Blur Width Back. Dens. Stand. Dev. | System. Error| No,
AD/mrad mrad urad urad

0.024 2,3 0.40 69.8 o'shoot 380 27
0.032 2.0 0.44 51.0 " 280 28
0.050 1.8 0.45 46.0 " 150 29
0.053 1.8 0,40 36.2 " 220 30
0.065 2.0 0.40 37.0 " 50 31
0.09 1.2 0.40 30.6 " 100 32
0.12 1.7 0.44 26.2 " 80 33

;
Background Density = 0.40 : Argument Annulus width

Width Slope Back. Dens. Stand. Dev. System. Error | No.
mrad AD/mrad urad urad

1.2 0.09 0.40 30.6 o'shoot 100 32
1.7 0.12 0.44 26.2 " 80 33
1.8 0.053 0.40 36.2 " 220 30
1.8 0.05 0.45 46.0 " 150 29
2.0 0.065 0.40 37.0 " 50 31
2.0 0.032 0.44 51.0 " 280 28
2.3 0.024 0.40 69.8 " 380 27

)




Observer:

Background Density = 0.70

JCT

-117~

Table 6.

2 (Contd.

: Argument - Grade of Blur

Blur Width Back. Dens. Stand. Dev. System. Error No.
AD/mrad | mrad urad urad

0.021 2.5 0.71 80.3 o'shoot 240 34
0.043 1.9 0.75 37.6 u 250 35
0.046 2.5 0.62 45,8 " 280 36
0.085 2.2 0.69 33.7 n 330 37
0.089 1.6 0.69 31.3 " 490 38
0.15 1.1 0.69 25.5 " 80 39

Background Density = 0.70 : Argument - Annulus Width.

Width Slope Back. Dens. Stand. Dev. System. Error | No.
mrad AD/mrad urad urad

1.1 0.15 0.69 25.5 o'shoot 80 39
1.6 0.089 0.69 31.3 " 490 38
1.9 0.043 0.75 37.6 " 250 35
2.2 0.085 0.69 33.7 " 330 37
2.5 0.046 0.62 45.8 " 280 36
2.5 0.021 0.71 80.3 " 240 34

Higher Adaptation Level - Observer JCT.

Blur Width Back. Dens. Stand. Dev. System. Error | No.
AD/mrad | mrad urad urad

0.015 5.5 0.20 149.0 o'shoot 800 ba
0.024 5.5 0.20 113.0 " 720 8a
0.043 5.3 0.25 77.2 " 180 15a
0.018 2.2 0.26 104.0 " 400 12a
0.032 2.0 0.44 76.2 " 400 31a
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Table 6.3,

Summary of Standard Deviations and Systematic

Errors of Pointing to Blurred Targets

Observer: AHC

Background Density = 0.25 : Argument - Grade of Blur.

Blur Width Back. Dens. Stand. Dev. System. Error | No,
AD/mrad | mrad urad prad

0.015 5.5 0.20 126.8 - 6b
0.042 2.3 0.20 40.5 - 14b
0.043 5.0 0.25 73.6 15b
0.077 0.80 0.20 28.1 0 17b
0.082 2.4 0.30 27.5 - 18b
0.10 2.7 0.30 23.1 - 19b
0.12 1.5 0.24 22.7 u'shoot 110 21b
0.125 1.0 0.23 25.9 " 40 22b
0,15 0.3 0.22 48.1 " 210 23b
0.195 1.2 0.25 23.5 - 24b
0.50 1.2 0.30 16.0 " 52 25b
1.0 0.6 0.30 17.3 o'shoot 20 26b

Background Density = 0.25 : Afgument - Annulus Width

Width Blur Back. Dens. Stand. Dev. System, Error | No.
mrad AD/mrad urad urad
0.3 0.15 0.22 48.1 u'shoot 210 23b
0.6 1.0 0.30 17.3 o'shoot 20 26b
0.8 0.077 0.20 28.1 0 17b
1.0 0.125 0.23 25.9 u'shoot 40 22b
1.2 0.195 0.25 23.5 - 24b
1.2 0.50 0.30 16.0 - 25b
1.5 0.12 0.24 22,7 " 110 21b
2.3 0.042 0.20 40.5 - 14b
2.4 0.082 0.30 29.5 - 18b
2.7 0.10 0.30 23.1 - 19b
5.0 0.043 0.25 73.6 15b
5.5 0.015 0.20 126.8 6b
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Table 6.3,

(Contd.

Argument - Grade of Blur

Blur Width Back. Dens. Stand. Dev. System. Error | No,

AD/mrad| mrad urad prad

0.024 2.9 0.40 83.3 o'shoot 200 27b

0,032 2.3 0.44 64.4 " 50 28b

0.050 1.8 0.45 54.0 " 50 29b

0.090 1.6 0.40 24,2 " 30 32b

0.12 2.7 0.44 30.3 " 50 33b
Background Density = 0.40 : Argument - Annulus Width

Width Blur Back. Dens. Stand. Dev. System, Error | No.

mrad AD/mrad : urad prad

1.6 0.09 0.40 24.2 u'shoot 30 32b

1.8 0.05 0.45 54.0 o'shoot 50 29b

2,3 0.032 0.44 64.4 " 50 28b

2.7 0.12 0.44 30.3 " 50 33b

2.9 0.024 0.40 83.3 " 200 27b
Background Density = 0.70

2.5 0.085 0.69 30.3 o'shoot 270 37b
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Table 6.

Constant Stimulus

6.4

Method Results

Observer: JCT
Blur Width Back. Dens. Stand. Dev. System. Error No.
AD/mrad{ mrad urad urad
0.042 1.9 0.20 79.3 o'shoot 270 14
0.09 1.2 0.40 45.0 " 140 32
.0.12 1.5 0.24 34.0 " 30 21
0.50 1.4 0.30 19.1 " 11 25
1.0 0.6 0.30 17.1 " 61 26
Sharp 0.5 0.30 18.9 0 1
Observer: AHC
Blur Width Back. Dens. Stand. Dev. System. Error | No,
AD/mrad{ mrad urad urad
0.042 2.3 0.20 132.5 o'shoot 191 14
0.09 1.5 0.40 83,7 u'shoot 138 32
0.12 1.5 0.24 40.0 " 38 21
0.50 1.2 0.30 28.4 " 46 25
1.0 0.6 0.30 29.5 o'shoot 21 26
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indicates that target width and blur are significant while background
density is only a marginally significant property of the target affecting
pointing accuracies. Further work on regression in section 6.3 will
indicate the small differences between pointing accuracies for different
backgrounds. A very much larger sample of observations than is used
in this research, taken over a very extended period would be necessary

to investigate all possible factors affecting accuracies. Such an
amount of work would be impractical considering the very limited
advantages gained. Statistical theory is considered as a very useful

tool in psychophysical testing, but one which must be used carefully.

The results in Table 6.2 were firstly tested by an analysis of
variance according to the method outlined by Moroney (1952, Ch. 19),

in the following section.

6.2 Analysis of Variance.

In section 5.3 it was pointed out that four separate analyses were
necessary to test the effects of the three variables. The values used

for the tests were ten individual variances derived by sets of ten

observations.
() Background density against Target blur - Test No. 1.
Five categories of target blur and three background
densities were used as shown in Table 6.51. The actual values of the

grade of blur and background density agreed closely with nominal values
given in the table. The width of all targets was approximately 2.0
mrad except target No. 39 which was 1.1 mrad wide. This target however
did not disturb the observations, since the effect of widths as seen in

the subsequent analyses is small,
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Table 6.51.
Back D 0.25 0.40 0.70
Grade
of blur Target | Variance | Target | Variance Target | Variance
AD/mrad
0.12 21 622.7 33 687.1 39 651.3
0.09 19 590.3 32 936.8 38 983.0
0.08 18 960.1 | 31 1369.0 37 1132.,2
0.045 14 1685.6 | 30 1310.4 35 1413.5
0.023 9 4609.0 27 4872.0 34 6446.0
Table 6.52.
Source Sum of Legrees of Variance Est. Test
Squares Freedom
52
AN
Blur 42164 4 10541 = §2 2 = 83*
I S
1
SZ
Black Dens. 996 2 498 = s§ -2 = 3.95
S
1
g2
Interaction 3198 8 400 = s; —%— = 3.15%
Sl
Residual 17035 135 126 = sf
Total 63393 149
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There are 10 determinations of each variance in Table 6.51, giving
149 degrees of freedom in the test. Tests carried out on the variance
estimates are shown in Table 6,52, Blur, clearly, is the dominant
factor in the test, being significant at all levels, while background
density proves to be significant at the 95% level. Interaction
between the two effects, blur and background density is significant
at the 99% level. In view of the very significant effect of the
blur of the target compared with the background density, and also the
fact that the background density effect itself is significant only at
95% level, the interaction effect will be neglected. This effect
is only just significant at the levels tested, and considering the
variable nature of the performance of observers, as is indicated by
the spread of results about the regression lines in figures 6.1 and
6.2, it is considered that this action is warranted. The conclusion
that background density does not affect pointing accuracies of blurred
targets is identical with 0'Connor's (1967) conclusions on pointing

accuracies of sharp targets for annuli greater than 0.3 mrad.

(i2)  Target Blur against annulus sizes.

One test was carried out for annulus sizes of 0.8 and
2.0 mrad, against target blur, and two separate tests were carried out
for annulus sizes of 2.0 mrad and 5.0 mrad, one at 15 mL. adaptation
level, and the other at a higher adaptation level. It was mentioned
in section 5.51 that a number of observations were carried out a higher
adaptation level. These results which were presented in Table 6.2
to provide further testing material for the influence of annulus sizes,
have not been used for a quantitative estimate of the influence of adaptation
level on accuracies, because the exact value of the higher adaptation was

unknown.
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(a)  Target Annulus sizee 0.8 and 2.0 mrad - Test No. 2.
Table 6,61,
Size
Target 0.8 mrad 2.0 mrad
Blur
AD/mrad
Target Variance Target Variance
0.12 22 557.6 21 610.4
0.10 20 847.4 19 654.9
0.08 17 895.4 18 895.9
0.04 13 3165.3 14 1685.6
Table 6.62,
Source Sum of Degrees of Variance Est. Tests
Squares Freedom
g2
n
Target blur 4361 3 1450 sz 32 = 450*
1
. s2
Size 432 1 432 52 3 = 13*
3 g2
1
52
Inter, 982 3 328 52 _2 = 93*
2 SZ
1
2
Residual 2300 72 32 Sy
Total 8075 79
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Target Annulus sizes 2.0 mrad and 5.0 mrad.

Adaptation Level = 15 mL - Test No. 3.

Table 6.71.

Target 2.0 5.0
Blur
AD/mrad
Target Variance Target Variance
0.043 14 1685.6 15 3674
0.024 9 4609.0 8 7017
0.015 7 6658.0 6 12972
Table 6.72.
Source Sum of Degrees of Variance Est. Test
Squares | Freedom
SZ
"
Target blur 48381 2 24000 = si 5z = 46
1
S2
Size 24762 1 24000 = 2 "s'% = 46*
1
SZ
Interaction 9128 2 4563 = §2 2 = s.6*
2 SZ
1
Residual 28387 54 525 = s?
Total 110657 59
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(e)  Targets Annulus sizes 2.0 and 5.0 mrad at Higher
Adaptation Level - Test No. 4.
Table 6.81.
Size
mrad 5. 5.0
Target
blur
AD/mrad
Target Variance Target Variance
0.038 3la 5813 8a 12748
0.020 12a 10918 6a 22458
Table 6.82.
Source Sum of Degree of Variance Est. Test
Squares Freedom
82
Target Blur } 1184 1 1184 = 2 g.;*— = 2%
1
SZ
Sizes 721 1 721 = 82 -3 = 13*
3 52
1
SZ
Interaction 43 1 43 = 82 = = 0.8
2 S2
1
Residual 1920 36 53 = 82
1
Total 3869 39
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In all tests, the blur of the target is clearly the most significant
factor. The widths of targets in the three tests also proved to be
significant, while two tests indicated that the interaction between widths

and blur is significant.

Conclusions based on the tests in this section may be stated as
follows. The most significant effect on pointing accuracies over the
ranges tested is the blur of the target. Widths of the annulus are a
secondary effect, while the interaction between these factors is also
marginally significant. There may be some interaction between background
density and grade of the blur, though this effect is very small. It is
possible that further minor interactions may exist between all three elements,
but these effects are not worthy of investigation. When considering the
practical applications of this research only the most significant features
need be investigated, since one may expect variations from one observer
to the next for the same target. This is clearly indicated by the
results of O'Connor (1967) as well as the present research. In addition,
other observers may indicate different characteristics with respect to
the interactions mentioned above. O'Connor for instance, found that
pointing accuracies in the x and y-directions were significantly different
for himself for annuli smaller than 0.3 mrad,but not for other observers.
The visual system, and the psychophysical aspects involved in visual tasks
are very complex and over simplification of the processes involved are
unwarranted. The two aspects of blur and width only will therefore be

investigated in the following section, by regression analysis.

6.3 Regression Analysis.

Based on the work in the previous section, it was found necessary to
carry out separate regression analyses for the three widths of 0.8, 2.0 and
5.0 mrad. Plots of the results on logarithm scales indicated a linear
relationship between the logarithms of pointing accuracy and target blur.

Regression analyses were carried out according to the formulae derived in
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Appendix A, i.e. y = ax + b, where y = logarithm of pointing standard
deviation, x = logarithm of grade of blur, and a and b are parameters.
Details of the computed parameters, and targets used are given in

Table 6.9. Regression lines for annulus sizes of 2 mrad for three
background densities are given in figure 6.1. Since these lines

did not differ significantly and the analysis of variance indicated a

very marginal influence of the background densities, the regression lines
for the three annulus widths given in figure 6.2 are based on the combined
results of all densities. The regression lines in figures 6.1 and 6.2,
plus the 99% confidence limits as shown in figure 6.2 were computed based on
weights inversely proportional to the standard deviations)?. The same
regression lines were also computed using equal weights. Results of AHC
given in figure 6.3 were initially computed using weights inversely
proportional to the variance. However, because of uneven distribution
of points along the regression line, and significantly larger weights for
points on the lower end of the line, weighted values gave a poor location
of the regression line. The regression line in figure 6.3 was therefore
computed using equal weights. Regression lines computed in figure 6.2
using weights as above, and equal weights showed no significant difference.

Weights were therefore excluded from subsequent regression analyses.

The regression lines for the 0.8 mrad and 2.0 mrad annuli are very
close in figure 6.2, indicating the very small effect of the size of the
annulus of the target over this range. The regression line for the 5.0
mrad annulus on the other hand, indicates a marked increase in the standard
deviations. Since a greater variation is evident in the results of AHC
as seen in figure 6.3, only one regression line was computed for the range
of annulus widths 0.8 to 2.0 mrad. Regression lines for 5.0 mrad were
derived from three targets by JCT and two targets by AHC. There is good
agreement between the line and individual plotted points in figure 6.2 for
observations by JCT, and therefore the regression line appears acceptable,
The line computed from two targets observed (each derived by 6 x 10

observations) by AHC would converge on the 2.0 mrad line. Since this
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Table 6.9.
. Parameters
No. Widths Target Nos. Weights [Observer
a
1 .0, D=0.25} 5,7,9,10,11,12 -0.617 ] 0.815 | equal JCT
14,18,19,21 -0.617 { 0.809 unequal
2 .0, D=0.4 27,28,29,30,31 -0.576 ] 0.878 | equal JCT
32,33, -0.539 | 0.919 unequal
3 .0, D=0.7 34-39 -0.548 1 0.926 ] equal JCT
-0.443 1 1.037 | unequal
4 . 8 13,16,17,20,22,24, -0.49510.993 | equal JCT
-0.532 1 0.938 | unequal
5 .0 5,7,9,10,11,12,14, -0.583 | 0.867 equal JCT
18,19,21,27-39 -0.543 ] 0.904 unequal
6 .0 6,8,15 -0.598 | 0.962 equal JCT
7 8-2.0 14,17,18,19,21-29 -0.654 1 0.791 | equal AHC
32,33,37
8 .0 6b,15b -0.710 | 0.838 | equal AHC
9 .0 49,51,53 -0.794 | 0.810 | equal JCT const.
stim.meth.
10 0 50,52,54 -0.802 | 0.957 | equal AHC const,

stim.meth.
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LEGEND

Symbol Annulus Width

+ 0.8 mrad

o 2.0 mrad }

5.0 mrad

Observer AHC

Adaptation Level 15mL

Target Luminance 12mL

Measuring Mark 10 mrad

Regression Line

Obs, dist.
10 m.

5m.

5mrad

9 2mrad

#(D\ +

N

0.8 mrad

o1

.02

.03

.04 .05 .06 .07.08.09. .2 3

TARGET GRADE OF BLUR AD/mrad

FIG. 6.3: POINTING STANDARD DEVIATIONS . AGAINST TARGET BLUR ,
WIDTHS. REGRESSION LINES HAVE BEEN COMPUTED USING EQUAL WEIGHTS.

4 5 6 780910

FOR 3 TARGET ANNULUS



-133-

seemed unlikely, after the results of JCT, the regression line has been
located approximately parallel to the 2.0 mrad line, and equidistant

between the two points.

Figure 6.4 shows the DL's derived by the constant stimulus method
(CSM) plotted against target blur characteristics for annulus widths of 2.0
mrad. For comparison, the regression lines for 2.0 mrad in figures 6.2

and 6.3 have been superimposed.

The regression lines clearly indicate a linear relationship between
the logarithm of pointing accuracy and logarithm of target blur, except
perhaps for grades of blur of 0.01 AD/mrad.to 0.02 AD/mrad. Such grades,
as far as pointing is concerned, are close to the visibility threshold
The derivation of a relationship between target width and blur and standard

deviation, will be investigated in the next section.

Constant stimulus method (CSM) results indicate that a different
mechanism is apparently involved in discriminating a stationary MM than
centering a moving MM, The accuracies are not only larger, but the
differences become proportionally greater as the blur increases, leading
to the steeper slope in the relationship in figure 6.4, The computational
techniques used to derive the standard devimtions and DL's in the two methods
are different and a direct comparison therefore cannot be made. Normal
distributions are assumed for both types of observations, but there is more
involved than simply a difference in computation technique. A comparison
of the results from the average error method and constant stimulus method is
shown in Table 6.10, The ratio of DL/S (the DL from the constant stimulus
method, and S, the standard deviation derived by the average error method)
indicates an increase in DL with respect to S, for increasing blur. The
constant stimulus method results have been plotted on normal probability
paper and S superimposed on them in Appendix B. The figures show,that the
point derived using S,approaches the PSE as the blur characteristics increase.
Equating this point from normal probability tables to a proportion of the DL
gives the last column in Table 6.10.

The conclusion may be reached on the basis of observations carried out in
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this research, that in respect of the standard deviation of observations (or
DL), an instrument based on the average error method of observation will give
superior results to an instrument based on the constant stimulus method. This
is particularly the case with blurred targets, though for sharp targets a

smaller, significant difference in accuracies is still present.

Table 6.10.
Grade DL .
Target| of Blur | Const.Stim.Meth. S gL S equivalent on

No. AD/mrad (urad) (urad) (CSM) graph

JCT AHC JCT | AHC JCT | AHC JCT AHC
14 0.042 79.3 1132.5 41.0 {40.5 ]1.94 |3.28 |1 0.52 0.31
32 0.09 45.0 83.7 30.6 |24.2 11.47 | 3.33]0.69 0.28
21 0.12 34.0 40.0 24,7 122.7 {1.37 |1.75]10.71 0.58
25 0.50 19.1 28.4 17,1 |16.0411.1111.77 ] 0.88 0.56
26 1.0 17.1 29.5 15.6 117.311.1011.89| 0.91 0.59

6.4 The Relationship Between Experimental Results and Psychophysical
Formulae.

The results of pointing to sharp targets, as given in figure 1.1,
clearly indicate the relationship between width and pointing accuracies of
1-2%, which follows Weber's Law. The section of the curve where annulus
widths are between 250 urad and 1 mrad as shown in Chapter 3, also follows
Weber's Law provided the widths are considered as those seen by the visual
system. For annulus widths less than 250 urad, luminance discrimination

appears to be the criterion used for pointing.

In referring to blurred target results, the significant features
derived from the analysis of variance are the degree of blur and the
width of the target, the former being the more significant. Since
the average error method may be considered as a psychophysical scaling
method (Chapter 4), it is valid to apply the results of pointing to existing

psychophysical laws., This has in fact already been done in the case of
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Weber's Law in section 1.4. Stevens' law given in section 4.7 is a

suitable psychophysical law which may be applied to blurred target results.

The general form of Stevens' psychophysical law is ¢ = K(¢ - ¢O)n;

where K is a constant depending on the choice of axes;

n 1is the exponent depending on the modality or sense investigated,
and also the parameters of the experiment;
Y 1s the psychophysical reaction to the stimulus ¢, and

¢O is the effective threshold measured on the stimulus scale.

The linear regression computed in section 6.3 is based simply on the
grade of blur of the target. To compute the regression based on Stevens'

fermula , the equations must read:

S = K(AD - ADO)n ooooooo (6.1)
where S = Accuracy in urad
AD = grade of blur (AD/mrad)

: ADO = visibility threshold grade of blur for pointing for
a particular annulus width

K and n are constants.

A new linear regression must be computed using AD - ADO as the argument.
The parameters a and b from this regression can be introduced into the above
formula since n = a and K = antilog (b). The ADO term must be estimated
before the above regression can be computed. Table 6.11 gives the visibility

thresholds ADO for the three annulus sizes for JCT and AHC.

Table 6.11.

Width JCT AHC
AD/mrad AD/mrad
0.8 0.03 0 .04
2,0 0.01 0,015
5.0 0.0035 0.005
2.0 CSM 0.015 0.025
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These thresholds have been estimated from experience gained during the
observations and from values given by Hempenius (Trinder, 1965, 60) who
states that the necessary density changes for visibility range from 0.004
to .01 AD/mrad, with no reference to size of object. The smaller annulus
widths however, definitely required a greater change in densitx to be
visible. According to Stevens' formula, pointing accuracies become
infinite as the threshold is approached, since the exponent n is less
than zero. In figures 6.2 and 6.3 it is noted that accuracies tended

to rise above the regression line for near threshold targets. Thresholds®
may therefore also be estimated from the pattern of the near threshold
targets for annulus sizes of 0.8 and 2.0 mrad. A plot of the thresholds
in Table 6.11 against annulus width on logarithm scales gives approximately

a linear relationship.

The computed regression lines using the values of (AD - ADO) led to

the following versions of formula 6.1, as plotted in figures 6.5 and 6.6,

Width Obs. Equation

0.8 mrad JCT 13.5(AD - .03) "297
2.0 mrad JCT 11.2(AD - .01)7 "403
5.0 mrad JCT 12.0(AD - .0035) "%#99
0.8 mrad AHC 18.8(AD - 0.04)70°123
2.0 mrad AHC 7.3(AD - .015) 0+52
5.0 mrad AHC 12.3(AD - .005) 0°52
2.0 mrad JCT CSM 9.0(AD - 0.015) 0°607
2.0 mrad AHC CSM 13.7(AD - .025) "S55

The exponents in the above equations for JCT decrease for increasing
annulus width, while the coefficients of the equations are approximately
constant. The relationship between width and exponent is linear on

logarthmic scales, giving an equation for the exponent for JCT, viz.:-

0 282
exponent = 0.322 (width) °
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A general expression of the equation for pointing accuracy by JCT

based on equation 6.1 therefore may be written as

-0.322 [(width)]0,282
§ = {12(aD - D)} e (6.2)

This formula though complicated indicates the general form of the equation
which describes pointing accuracies in terms of grade of blur and width

of the annulus. The thresholds in the above results are clearly an
important factor, particularly for the smaller annuli. In referring back
to the analysis of variance, fhe above formula follows the general

conclusions reached in the tests, including the interaction effect.

The formula for AHC cannot be derived accurately. Observations by
AHC were always more erratic than those of JCT, and therefore considerably
more observations would be necessary to derive an accurate formula. This
was not possible because of AHC's limited time. It is possible however,
that the regression lines for 0.8 mrad and 5.0 mrad in figure 6.6, could
produce an equation similar to 6.2, though the actual lines between the
points are erratic. The determination of a formula similar to 6.2 for
AHC is not considered to be of prime importance. Figure 6.3 nevertheless,
is sufficiently accurate for deriving the graphical presentation of equation

6.2 as shown in figure 6.7.

Though the results of the constant stimulus method are unimportant
for photogrammetric purposes, it is worth noting that the coefficients of
the eqﬁations are substantially the same but the exponents are smaller.
This appears to reflect the greater difficulty experienced by the observer
in the discrimination of -annulus width, since the exponent '"n' in Stevens'
Law is the parameter dependent of the type of task and the sense being
investigated. One of the difficulties associated with constant stimulus
method observations, particularly with blurred targets, is that the target
is always partially obscured by the MM. With the average error method on
the other hand, the MM is moved away from the target centre before observations

commence, and therefore a better impression of the true centre can be gained,
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From a psychophysical point of view, the transition between the
two straight lines in figures 6.2 and 6.3 probably should be gradual rather
than abrupt. Figures 6.2 and 6.3 indicate that Stevens' formula is only
an approximate description of pointing accuracies. A more complete
formula embracing both straight line sections, together with the transition,
would appear to be more appropriate. Formula 6.2 however, does indicate
the significance of the visibility thresholds on pointing accuracies of

targets of given sizes.,

A more practical method of presenting the above formula, is in

graphical form in figure 6.7. The accuracies for the annulus widths of
0.8, 2.0 and 5.0 mrad have been derived from figure 6.2. Values for
10 mrad have been extrapolated using the above formula. Further

extrapolation of the curves indicates that they would approach the 1 - 2%
lines of Weber's Law, although the curve for .01 AD/mrad appears to be
parallel to the 2% line, but at a slightly larger value than 2%. At their
lower levels, the curves terminate approximately at the visibility threshold
values.  Accuracies over the range of annulus widths less than 1 mrad tend
to rise for the .10 and .15 AD/mrad curves, as the visibility threshold is
approached. From a practical point of view, pointing accuracies of targets
near thresholds are not particularly useful. Ground target sizes should
not be designed so that they produce photographic images which are almost
invisible. Only the approximate behaviour near threshold therefore is
shown in figure 6.7. The SF of the visual system may have a small
influence on the subjective impression of targets with annulus widths
between 0.3 mrad and 1.0 mrad. A convolution of the SF of the visual
system and the target profile may show a slight decrease in the grade of
target blur. The effect of the SF of the visual system however would

be very marginal indeed, since the target profile is very much shallower
than the SF. The significant factor in pointing to smaller blurred
targets is the increased visibility threshold which raises the level

of the curves in figure 6.7. Because of the almost insignificant

effect of the SF of the visual system on grades of blur of 0.10 AD/mrad
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or less, convolutions of blurred target profiles and SF of the visual

system have not been carried out.

Points where the curves join the sharp target straight lines .in
figure 6.7 correspond with the points of discontinuity in figures 6.2
and 6.3. These points indicate the approximate grade of blur below
which pointing accuracies will deteriorate for a given annulus width.
The points of discontinuity in figures 6.2 and 6.3 are given approximately

in Table 6.12, based on mean values for JCT and AHC.

Table 6.12.
Annulus Width Limit
mrad AD/mrad
0.8 0.30
2.0 0.12
5.0 0.06

For degrees of blur greater than those in Table 6.12, pointing standard
deviations are approximately 1% of the annulus width for annulus widths
greater than 1 mrad, and approximately constant at 16 prad for annulus

widths between 0.3 and 1.0 mrad.

Results of AHC have been plotted on figure 6.7 using broken lines.
In comparing the results of AHC and JCT, pointing standard deviations do
not differ significantly for target blurs of 0.05 AD/mrad or greater, but
because of AHC's higher visibility thresholds, the line for 0.02 AD/mrad
is much higher than that of JCT. As visibility threshold is approached

pointing accuracies deteriorate rapidly.

6.5 Discussion.

Figure 6.8 contains data in figure 1.1 plus the results in figure 6.7,
The curves for sharp targets by JCT and AHC clearly follow the same pattern
as the results of O'Comnor (1962) and 0'Connor (1967) as presented in
figure o.5. Significant variations were detected by O'Connor in results

for aifrerent observers, though tuc genceral patterns were stiil the same.
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Such differences are clearly due to the many factors, both physiclogical
and psychological, involved in psychophysical tasks. The very good
agreement by JCT and AHC with the results presented by O'Connor is an
indication that pointing accuracies obtained in this research are
indicative of the trend of results by average observers, though variations
of 10 - 20% may be expected. Further variations in standard deviations
may occur due to changes in adaptation level. Increases by a factor of
1.3 were noted in the higher adaptation results presented in Table 6.2.
This higher adaptation level was caused by side illumination entering the
observer's eye, a situation which could occur during normal photogrammetric
observations. The observer's ability to discriminate luminance
differences in blurred targets is apparently reduced when the eye is

adapted to a higher luminance level.

Curve II in figure 6.8 derived by CO'Connor [1962) follows almost
exactly the same line as the .05 AD/mrad curve derived in these experiments.
The curves of O'Conmnor /1962) were derived using a Zeiss Pulfrich
Stereocomparator, O'Comnor (7967) stated that inaccuracies in this
instrument obscured the true pattern of results which could be obtained
by the observer's visual system. The similarity between the two curves
is however quite significant. The experiments carried out by O'Connor
{1962) involved sets of ten observations only, on a large number of targets.
This led to a significantly lower confidence interval than for results
obtained by O'Connor [1967) or those carried out in this work. Curves IIT
and IV are difficult to define accurately, but there is some tendency for them
to follow shapes similar to the curves in figure 6.7. This is particularly
the case for curve IV, which alsc may follow a line closer to the 2% line
than is actually shown. It is impossible to compare directly the two
sets of experiments, especially considering the completely different
experimental conditions of the two sets of data. The relative agreement

between the shapes of the curves is nevertheless very good.
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The three straight lines plotted for the sharp, low and medium
contrast curves derived by O0'Connor (1967) for annulus widths less than
250 yrad, which apparently represent near threshold results, agree with
the pattern of reduced accuracies in figure 6.7, obtained for near
visibility threshold blurred targets. In both situations luminance
discrimination seems an important criterion for pointing, and therefore a

similar pattern of results for near threshold targets would be expected.,

Composite curves in figure 6.8 clearly indicate the very complex
non-linear behaviour of the visual system in respect to pointing. Various
criteria are apparently adopted by the visual system for pointing, depending
on the size and luminance profile of the target. Equation 6.2, derived
for the pointing results to blurred targets indicates that a simple
criterion of flux as proposed in section 2.6 is not involved. The
relationship, on the contrary, is based primarily on width discrimination,
the accuracy of which is reduced by increased blurring of the target, with

perhaps some assistance from the luminance levels of the target.

With regard to contour sharpening mechanisms referred to in section
2.7, Mach bands were not consciously observed on any of the targets, though
the edges of the targets always appeared to be mederately well defined.
The accuracy of location of target edges by the average error method varied
from 50 prad to 200 Qrad, Subjective positions of the edges on the density
profiles were not at an abrupt change, as might have been expected by the
subjective impression of the targets (See Appendix C). The main influence
of the contour sharpening mechanisms therefore seems to be in aiding the
definition of the target edges, and hence the width of the annulus. This,
however, seems to be only a secondary effect as is indicated by the fact that
the ability to discriminate width is substantially reduced by large degrees

of blur.

The basic explanation for pointing accuracies appears to lie in the
proposals put forward by Andersen and Weymouth (1923) as described in

section 2.4, together with the minor influences of neutral processing effects
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such as inhibition and contour sharpening mechanisms, in locating the
target edge. Luminance patterns projected onto the retinal mosaic

lead to the discrimination of a mean local sign according to Anderson

and Weymouth, such that the MM is located centrally, despite the fact
that edges of the targets can only be located with an accuracy of 50 -
200 prad. No explanation is available as to how the mean local sign

is resolved from the stimulated cones, particularly for blurred patterns.
The neural processing in the retina and higher centres of the visual system
are expected to influence the manner in which this mean local sign is
resolved, since these functions are basic to the visual system. Though
contour sharpening mechanisms are significant it appears they should not
be given undue importance. These were also the general findings of the
convolutions carried out in Chapter 3, Further descriptions of the
complex manner in wﬂich the visual system carries out pointing tasks are
impossible at this stage, but it is important to indicate the possible

factors which may influence accuracies.

The equation 6.2 is a simplified representation of pointing standard
deviations in terms of two variables. It seems possible that curves in
figure 6.8 could be represented by the one complex equation embracing all
variables and the subsequent interactions between these variables. This
equation would describe the effect of each variable on pointing accuracies.
Such an equation would no doubt vary for different observers in magnitude,
and with respect to the interactions. The description of the equation is
not necessary for photogrammetry, if indeed it could ever be formulated.
Figure 6.8 is sufficient and far more useful for practical application of
the results. It is nonetheless worth noting that a modern psychophysical
law, Stevens' law, with a great deal of evidence behind it, can be applied
to the results of pointing to blurred targets, at least over a limited range

of target blur.
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Conclusions.

(1)

(ii)

(iii)

(iv)

(v)

The standard deviations of pointing to blurred targets

follow the pattern of results derived by other experiments.
These results can be conveniently represented in graphical
form as shown in figure 6.8. The significant variables are
annulus width, and the grade of blur expressed as AD/mrad.
Pointing standard deviations derived represent the pattern
for particular observation conditions, observer and
observational method. The results may vary by as much

as 30% for different observers and adaptation levels, or
perhaps even more if the constant stimulus method of
observation is used,

The results obtained in this research represent ideal results
indicative of the pattern which may be obtained with the
unaided eye.

Stevens' psychophysical law can be applied to pointing
accuracies over a limited range of blur of the target.

This law indicates the significance of the visibility

thresholds in pointing to blurred targets.
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7. SYSTEMATIC ERRORS.

7.1 Presentation and Discussion of Results.

A full list of the systematic errors derived with the MM approaching
the target from the left hand side is presented in Tables 6.1 to 6.4.
The pattern of systematic errors in terms of the two variables, grade of
blur and annulus width has been plotted separately for JCT and AHC in
figures 7.1 to 7.4, Overshoot errors by JCT were plotted on logarithmic
~ scales, while errors of AHC were either overshoots or undershoots and
have therefore been presented on natural scales. Several values by JCT
marked thus® in Tables 6.1 and 6.2,were not plotted since they were either

zero or undershoots.

There is generally a regular pattern in the systematic errors of both
JCT and AHC though there are wide variations in the actual values, and
occasionally an extremely 'wild" value occurs. There seems little purpose
in investigating the relationship between the two variables and the systematic
errors because of their unpredictable nature. Statements put forward in
section 4.3, after Graham (1950) indicage that the variables involved in such
investigations may not only include those of the stimulus, but also external
conditions, and psyc¢hological factors etc, External conditions and
psychological factors appear to have influenced the systematic errors very
significantly in these studies. It is particularly noticeable that
variations in the systematic errors are much larger than variations in the
standard deviations of the observations. The fact that these errors cannot
be predicted or controlled is clearly a very weak point in an observational

technique based simply on one direction of approach of the MM.

In the first attempt to eliminate systematic errors the target was
approached from both directions. This was done on targets listed in
Table 7.1 which shows errors arising from each direction of approach,
the mean of these errors, and the pattern in which the sets of observations
were taken. Various patterns of observations were used. Some targets

were observed with sets from each direction alternately, while for other
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Table 7.1,
-ve = undershoot +ve = overshoot
Target| Obs.| System Error Mean 0-Syst.
No. urad Error Error Pattern of Obs.
urad urad
-> <
18 JCT | -288 +140 |214 to left 6 Alternate sets
18b | AHC | Tests not - - " "
satisfied

19a { JCT -92 0 46 to left 5 " "

20 " +58 -180 119 to left 5 Left hand approach then
right hand approach

21 " Tests failed Alternately 2 sets

21a 13 1t 1" n 1" "

21b | AHC " " Alternate sets

24 JCT +20 0 10 to right 3 Left hand approach then
right hand approach

24b | AHC | Tests failed n n "

25 JCT +20 -35 128 to right 5 " " "

25b | AHC -52  Tests - Alternately

failed

26 JCT +53 " - Left hand approach then
right hand approach

26b | AHC +25 -104 |65 to right 5 " " "




targets a full series of left approach was taken and then a full series
of approach from the right. The observations taken alternately gave
very poor results, since on all but two occasions out of seven, the
variance tests described in Appendix A failed. In most cases where
each direction was observed separately, the variance tests were
satisfactory, but large residual errors still remained. The technique
of two directions of approach therefore clearly failed to eliminate the

systematic error.

A_further significant factor was that the systematic errors derived by
the éonstant stimulus method followed approximately the same pattern as
results derived by the average error method. Remembering that there
were large variations in the systematic errors in figures 7.1 to 7.4,
and also that a limited number of results were determined by the constant
stimulus method, the systematic errors derived by that method nevertheless
do appear to follow the same general pattern. Systematic errors
therefore, do not seem to be a function o} the method of observation but

rather appear to depend on the observer himself.

Results of investigations by Brown (1953) and Brown [(1955) on the task
of partitioning (bisecting) horizontal and vertical lines can be compared
with pointing experiments cafried out in this study. To investigate
systematic errors (defined as "half-meridional differences'), Brown used
the average error method of testing. Ten observations were made in
each set, in which the measuring mark was moved from each side of the
correct centre, an equal number of times. - Brown's (1953) investigations
on six subjects, revealed large negative systematic errors (i.e. the
. subjective centre was located to the right of the correct centre) for
horizontal lines, and smaller positive and negative errors (for positive
errors the measuring mark was lower than the correct centre) for vertical
lines. Over an extended series of daily observations, these errors
followed a definite trend. This trend appeared to be due to measuring
effects since the direction of the trend altered when the frequency of

observations was reduced (Browﬁ, 1955).
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Brown also found that systematic errors followed the same pattern
for both eyes. Even after long periods of testing only one eye, the
other eye was found to have followed the same trend when subsequently
tested. He maintained that the systematic errors were partly due to
occular effects, but the instability of the errors, affecting both eyes
concomitantly as a function of time, appeared to be due to influences
at least at the cortical level of the visual system. No further

explanations were given for the instability of the errors.

The results of investigations in this study agree with findings

of Brown (1953) and Brown (1955). The variable nature of the systematic
errors of JCT and the fact that most were overshoots - equivalent to
negative errors in Brown{1953) - are consistent with Brown's results.

The smaller range in AHC's errors may be due to the fact that AHC

took fewer observations at iess frequent intervals.

The necessity for using only one direction of approach of the MM in
this study appears to be due to movement after-effects, which become
substantially reinforced when the observations are taken in one direction
for an extended period. This conclusion seems to be strengthened by the
fact that reliable results can be obtained from observations when the MM
is moved from opposite directions, provided an extended rest period is
taken between observations in each direction. The movement after-
effects appear to be related to the phenomenon of apparent motion, which
results from a steady gaze on a moving field, e.g. a waterfall (Davson,
1962a, 242). Though no apparent motion was observed in this study, the
effects may have been present subliminally, thus influencing the
discrimination of the MM and target when the MM was moved from the opposite
direction. Figural effects described by Gregory (1966, 212), e.g. Kohler
et al. (1944), appear to be similar to the after-effects due to motion
experienced in this study. Kthler wore glasses coloured half red (on left)
and green (on right). When he had become adapted to the glasses, he
removed them and found that objects were red, when his eyes were directed to

the right, and green when directed to the left. After-effects may also
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be related to factors causing trends in systematic errors derived by
Brown (1953). It appears that these effects are due to influences at
the cortical level, and therefore cannot be explained simply (Brown,

1955) (Gregory, 1966).

On the>basis of Table 7.1 it was clearly necessary to develop

some auxiliary equipment to eliminate systematic errors.

7.2 Elimination of Systematic Error.

Three significant points arose from the previous section:

Firstly, observations from opposite directions will not eliminate
the systematic error even if observations in each direction are

taken separately.

Secondly, reliable results can be obtained provided one direction

of approach of the MM is constantly maintained.

Thirdly, systematic errors rather than being a function of the
method of observing,seem to be a characteristic dependent

on the observer.

These points led to the development of the method of observing, described

in section 5.52, whereby a dove prism was used to rotate the image of the
MM and target, such that the MM moved in the same apparent direction (from
the left hand side in these investigations) relative to the retinal mosaic,
whether in fact the MM moved from the left or right. This enabled an
effective elimination of the systematic error to be made without appreciably
disturbing the image quality of the target, or the accuracy of the
observations. In Tables 6.1 to 6.3 the systematic errors for a given
target remained constant for the left hand direction of approach. It
should therefore be constant for both directions of ‘approach of the MM,

provided these two directions always appear unchanged to the observer.

The results using the dove prism are shown in Table 7.2. Two sharp

targets were observed by JCT and AHC and a number of inexperienced student
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Table 7.2.

Observations for Elimination of Systematic Errors.

Each entry for each direction has been determined by 10 observations. MM
direction is indicated by arrows, +ve residual error = MM to right of

correct centre.

Target No. 2 - Annulus = 1 mrad.

Observer: JCT Observer: BL

> < Means - <« Means
12,73 12.80 12.77 13.21 12.36 12.78
12.79 12.68 12.73 13.28 12.29 12.79
12.84 12.73 12.78 13.27 12.35 12.81

Mean 12.76 Mean 12.79

S = 21.0 urad S = 28,2 urad
Residual Error = +11 yurad Residual Error = + 5 yprad
99% C.I. = +12 yurad 99% C.I. = +17 urad
Observer: JCT Observer: JN

- « Means > <« Means

9.87 10.32 10.10 12.70 12.07 12, 39*
10.04 10.32 10.18 13.08 12.40 12,74

9.92 10.33 10.12 12.91 12.35 12.63

Mean 10.13 Mean 12.68

S = 21.0 urad S = 30,0 prad
Residual Error = + 5 wyurad Residual Error = +19 wurad
99% C.1I. = *14 wyurad 99% C.1I. = = 20 prad
Observer: AHC Observer: GD

-+ <« Means -+ “ Means
13.08 12.72 12.90 13.63 11.93 12.78
12.67 12.78 12.72 13.14 12.88 13.01
12.74 12.85 12.79 12.99 12.55 12.77

12.73 12.84 12.78

Mean 12.80 Mean 12.85

S = 17,0 prad S = 24,8 urad
Residual Error = + 7 yprad Residual Error = + 2 yurad
99% C.I1. = 12 wurad 99% C.I. = *17 urad
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Table 7.2.(Contd.) Target No.3 - Annulus=2 mrad (Contd.)

Observer: RP Observer: IS
> + Means > < Means
13.35 12.30 12.83 12.89 11.44 12.17
13,06 12.14 12.60 13.29 11.23 12.26
13.13 12.11 12.62 13.28 11.35 12.32
Mean 12.68 Mean 12.25
S = 20.5 uprad S = 27.8 urad
Residual Error = +19 urad Residual Error = + 3 urad
99% C.1I. = *15 wurad 99% C.I. = *17 vyurad
Observer: FH Observer: GT
> < Means > <« Means
13.76 12,32 13.04 13.81 10.14 11.97
13.61 12.56 13.08 14.39 9.71 12.05
13.46 12.53 13.00 14.12 9,82 11.97
Mean 13.04 Mean 12.00
S = 23.7 urad S = 27.6 urad
Residual Error = -17 urad Residual Error = +28 urad*
99% C.TI. = *#15 vyrad 99% C.1J. = +17 wuyrad
Target No.5 - Annulus=2mrad
Observer: AHC Observer: PF
> - Means > <« Means
12.32  12.07 12.20 |Right Eye 12.63  10.74  11.69
12.58 11.72 12.15 {Dark 12.75 11.20 11.97
12.67 11.47 12.07 ;Adapted 12.07 11.71 11.89
Mean 12.14 Mean 11.85
S =z 27.8 urad S = 33,7 urad
Residual Error = +14 yrad Residual Error = +43 urad*
99% C.I. = *17 urad 99% C.1. = *19 urad
Observer: IW Observer: AR
> « Means - -~ Means
12.85 11.58 12.22 13.74 10.58 12.16
12.40 12.08 12.24 13.09 11.28 12,19
12.62 11.82 12.22 13.07 10.79 11.93

12.93 11,07 12,00

Mean 12.23
Mean 12.07

S = 24.7 yurad S 37 .1

. _ = 37.1 urad
Re21dua1 Error B :13 urag Residual Error = +21 urad
99% C. 1. = 17 ura 99% C.1. = +20 urad
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Target No.3 - Annulus=2 mrad (Contd.)

Observer: JCT

- <+ Means
12.37 11.83 12.10
12.30 11.88 12.09
12.57 11.91 12.24
12.39 11.98 12.18
12.33 12.08 12.20
12.52 12.02 12.27
12.40 12.10 12.25
12.44 11.88 12.16 |Right Eye
12.40 12.13 12.27 |Dark
12.48 12.07 12.28 gAdapted
12.34 12.12 12,23
12.27 12.18 12.23

Mean 12.21

S = 19.0 urad
Residual Error = + 7 urad
99% C.1I. = x10 nprad
Observer: AHC

-+ < Means
11.72 11.13 11.43({Right Eye
11.46 11.36 11.41 Light
11.84 11.07 11.46
11.71  11.44  11.58!Adapted

Mean 11.47

S = 25.9 urad
Residual Error = + 9 yrad
99% C.I. = *14 urad

Observer: JCT
- <+ Means
11.46 11.49 11.48 Right
11.48 11.47 11.48 '
11.54 11.55 11.55 Eye
11.47 11.53 11.50
11.51 11.59 11.55 Light
11.40 11.59 11.50
11.31 11.76 11.54
11.36 11.75 11.56 ‘dapted
Mean 11.52
S = 16.5 urad
Residual Error = + 4 urad
99% C.1I. = +10 qurad
Observer: JCT
> < Right Eye Mean
11.37 13.00 12.18
11.53 12,73 12.13
11.54 12.70 12.12
11.53 12.86 12.20
17.16
S = 15.4 urad
Residual Error = +10 urad
99% C.1I, = +10 wurad
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Dove Prism No. 2 - Target 2 mrad.
Observer: JCT Observer: AHC

> <+ Means - <« Means
14.45 14.83 14.64 14.60 14.74 14.67
14.33 14.70 14.52 14,33 14.50 14.41
14.40 14.48 14. 44 14.42 14.44 14.43
14.16 14.91 14.56

Mean 14.55 Mean 14.50

S = 15.0 prad S = 32.6 yrad
Residual Error = + 4 yprad kesidual Error = +9 prad
99% C.1I. = +10 purad 99% C.I. = +19 vyurad
Observer: WK Observer: AR

- <« Means > < Means
15.34 13.51 14.42 14.74 13.48 14.10
14.54 14.17 14.36 15.37 13.80 14.59
14.55 14 .49 14.52 14.62 13,35 13.99

Mean 14.43 Mean 14.22

S = 32.7 urad S = 31.3 urad
Residual Error = +16 vurad Residual Error = +37 urad*
99% C.1I. = *19 urad

Results erratic - unsatisfactory
for estimation of centre.
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observers. Observations in each direction were taken alternately, the
mean of these two readings giving an estimate of the central position

of the target. The three columns in Table 7.2 are the means of

sets taken in each direction, and the composite mean of these two means.
The first two columns have been presented to give an estimate of the
systematic errors of the observers. Since observations in each set for
the inexperienced observers tended to drift, means of these sets are not
considered to be important. The means of the two observations taken
alternately from left and right directions of approach, however, gave
reliable results and therefore estimates of the target centre and the

standard deviations were based on these values.

Computing means of observations taken alternately in each direction
was necessary for the inexperienced observers, since this procedure
eliminated the variations in systematic errors which occurred. In
Table 7.2, the accuracies derived from the means of inexperienced observers,
were only marginally lower than accuracies of observations by JCT and AHC,
though the students had had no prior training. A tentative conclusion
which can be drawn from the results of inexperienced observers, therefore,
is that the apparently large variations in pointing errors of inexperienced
observers when approaching the target from one direction are due more to a
change in the observers' interpretation of the centre, rather than a large
standard deviation. Once the variation in systematic error is controlled
by training, reliable results should be obtained. Training may also be
expected to improve the standard deviation slightly but from results in this
work, the instability of observations in each individual direction was mainly

due to variations in the systematic error.

Contributions to the composite means in Table 7.2 are considered to be
derived from ten observations (i.e. one from left, and one from right is
equivalent to one obsefvation), An estimate of the standard deviation
of a single observation as defined above, the error of the mean against the

correct centre and an estimate of the 99% confidence interval of the



-163-

difference between the subjectively determined centre and correct centre,
derived from the t-distribution are shown. The confidence interval
was derived from standard deviations of the mean pointing position, and
the standard deviation of location of the true centre, which was 3 urad

in section 5.52,

On three occasions, i.e. when PF, AR and GT observed to the 2 mrad
target (marked with asterisk),the means proved to be significantly different
from the exact centre. Several other sets of observations gave residual
errors marginally outside the confidence interval. The observations of
JCT and AHC proved to be a satisfactory estimate of the centre, although
the systematic errors inherent in these observations were not large.

Slight variations occurred when observations were taken several weeks apart
(e.g. JCT - 1 mrad observations - 2 sets). With regard to the
inexperienced observers, the results are considered satisfactory in view

of their lack of experience.

The one significant feature noticeable in the results is that all
but one of the residual errors were positive. Though each error in
itself was not significant, a very strong tendency towards positive errors
existed. It is not known why this tendency should occur. The
instrument which was tested repeatedly, gave negligible backlash. Observations
were taken by JCT and AHC with the adaptation level of the right eye, the
same as that of the left eye, and also with the right eye dark adapted.
Further observations were thken by JCT with the right eye, to test whether
the use of the other eye had any effect. No significant differences were
noted as is seen in Table 7.2. As stated in section 5.52, elaborate
precautions were taken to ensure that the screen and target were completely
symmetrical so that they would not affect the subjective impression of the
centre. Readings were recorded by a separate individual so that no bias

would enter the observations on this point,

Referring to the dove prism, it is essential that rays projected through

it should be parallel. The maximum angle between rays projected from
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opposite sides of the target for the 2 mrad target was 5 mrad or approximately

17 mins. of arc, No aberrations were detected with the naked eye or through
a telescope with a 40x magnification eye-piece. The angle of 5 mrad was
therefore considered to be insufficient to affect the viewer. Additional

observations (marked dove prism No. 2) were taken with a second dove prism,

but no alteration in the sign of the residual error was noted.

An inverted image of the target and surrounding area was seen for one
position of the prism and an upright image for the other position. This
condition could not be controlled during the observations and it is not
known whether it may have influenced the results. The only way this
condition could have been controlled was to enclose the sighting line in a
tunnel such that the surrounding area was completely obscured. This
would make it impossible to detect whether the circular target was inverted.
It was impractical to do this in the laboratory in which the observations

were carried out,

Some experiments on the inversion of visual images are described by

Gregory (1966, 208). These experiments involved wearing inverting prisms
for long periods. Adaptation to the inverted image took considerable

time, while on removal of the prisms, adaptation was usually much quicker,
Conditions in this study are different from those in experiments described
by Gregory (1966). Images were viewed alternately inverted and upright,
each situation lasting only about 1 minute. Difficulties encountered in
adapting to the inverted image in the above experiments, however, indicate
that unless the surrounding area of the target is completely obscured, such
that the observer is unaware that the image is inverted, small residual
effects of image inversion as in this study may still exist. The influence
of inverted images on the residual errors may be a subject for future

research.

It must be emphasised, however, that the residual errors derived by
these observations are in the order of 5 - 10 prad {1 - 2 secs. of arc)

for experienced observers, and slightly larger for inexperienced observers.
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These values are approximately 1/10th of the interconal distance on the
retina and are also approximately equal to the smallest visual acuity values
obtained, as given in section 2,25, The residual errors derived by this
technique therefore appear to be acceptable considering the capabilities

of the visual system.

Based on the standard deviations of one direction of approach given
in figure 6.8, and the fact that the centre of the target is derived by
taking means of both directions of approach of the MM, the standard
deviation of the estimated central position is simply V2 times the

standard deviation given in figure 6.8.

7.3 Conclusion,

The technique of eliminating systematic errors by the dove prism
attachment proved to be successful for both experienced and inexperienced
observers, This leads to a significant improvement in accuracies
of location of targets, since the systematic errors of observations in
which one direction of approach only was used,proved to be large and very
unreliable. It is suggested that observations be taken alternately
from each direction to eliminate variations in systematic errors, particularly
for inexperienced observers. With regard to its application in
photogrammetric equipment, since many instruments are equipped with dove’
prisms, there seems to be no reason why this technique could not be applied
immediately to precise coordinate measurements, provided sufficient range of

rotation of the dove prism is available.



-166-

8. PRACTICAL APPLICATION OF RESEARCH.

8.1 Introduction,

The results in Chapter 6 outline monocular pointing accuracies which
can be obtained by the visual system using blurred targets of low and
medium contrast. For binocular viewing, improvements in pointing
accuracies may be expected, particularly for very blurred targets.
O'Connor (1962) indicated that there was not a marked difference between
monocular and binocular pointing results, for the targets observed in
his investigations. From experiences in this study, the use of binocular
vision lowers the threshold and therefore should improve pointing accuracies
at least for very blurred targets. The exact relationship however is
unknown. The following discussion will therefore relate to monocular
pointing results. Such a discussion may be applied directly to observations
on monocomparators. Since the relationship between monocular and binocular
observations is likely to be simple, except perhaps for near threshold
targets, the conclusions reached in the following discussion should also be

applicable to binocular pointing results.

If sufficient information is known on the image quality of the target
being viewed by the observer in the photogrammetric instrument, pointing
accuracies may be predicted. The many steps which may be involved in
predicting pointing accuracies based on figure 6.8, are given by Hempenius
(1964, 310). A more useful. approach to the practical problem is to be able
to choose a target size which, when viewed in the photogrammetric instrument,
will give a predictable maximum pointing accuracy. This approach requires
a knowledge of the luminance characteristics of the target and its background,
details of the imaging characteristics of the photographic and photogrammetric
systems, and also the results given in Chapter 6. Since there are many
unknown variables involved in such a problem, it is impossible to treat it in
detail in this work. However, exampiés of targets artificially produced by
the Umbrascope described in section 5.72 will be discussed. This discussion

will indicate the manner in which the problem can be treated, and also estimate
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a formula for optimum target sizes. Another application of pointing
results may be in the choice of an economic scale of photography to give
maximum pointing accuracy for certain specific ground objects, e.g. manhole
covers. The effects of granularity on pointing accuracies are outside

the scope of this work and therefore cannot be included in this investigation.

Before proceeding with investigations on target size a brief résumé

of existing literature on signalized targets will be given.

8.2 Signalized Targets.

Eekhout (1963) carried out a comprehensive investigation on signalized
targets with the purpose of finding the most suitable and economic types of
targets for local conditions., He recommends a white square target with a
black surround approximately the same width as the target. To aid in
identification, four bars should form a cross through the target centre,
with their length about 5 times their width, The whole target should be
surrounded further by a dark background, produced artifically if necessary.
Ackerl and Neumaier (1969) recommend a yellow centered target with a black
border with no cross bars for identification. The border of their target
is narrower than that recommended by Eekhout above, but the two targets are
basically similar. A high contrast between the target and its background
should give the steepest target density profile, and therefore the best

pointing accuracy, provided target width is also controlled.

Very few recommendations are available for the size of targets.
Pastorelli (19569) recommends that the minimum size of target in meters should

be -

Scale No. of Photograph / 40,000.
Hempenius (1964, 314) suggests that the target size should equal the scale
No. of photograph times the 20-width of the combined spread function of the
photographic and photogrammetric systems. Since the quality of the image
of the target is dependent on the spread function of the total system, and
pointing accuracies are dependent on the grade of the blur, this criterion

is clearly more acceptable than that of Pastorelli. Pastorelli's formula
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would normally prescribe smaller targets than Hempenius' rule.

Target profiles given by Hempenius (1964, 311) are not directly
applicable to figures 6.2 and 6.7 since the spread functions of the optical
systems of photogrammetric instruments are unknown. No actual pointing
results however were reported. Pointing observations to such targets
carried out on a photogrammetric instrument would include the inaccuracies
of the instrument, e.g. Visser (1964). 0'Connor (1967) commenting on
results of his earlier work, indicated that the stereocomparators obscured
the true capabilities of the visual system, particularly for small targets,
The grades of the density profiles of the signalized targets presented by
Hempenius (1964, 311) range from 0.15 to 0.32 AD/mrad, if viewed in an
instrument at 10x magnification with perfect optics. Since such grades
of the density profile are larger than at the points of discontinuity in
figure 6.2, neglecting instrumental errors, pointing accuracies would be

determined by size rather than blur characteristics.

In the following section an attempt will be made to relate the size of
the target on the ground to the target blur, and therefore predict the

accuracy for different ground target sizes.

8.3 Prediction of Pointing Accuracies.

Table 5.1 gives o-widths of the SF's for six levels of shelf B in the
Umbrascope ,derived from some 50 targets at different contrasts. By varying
the level of shelf B and the size of the opaque mark on that shelf, different
target sizes and grades of blur could be obtained. Various background
densities were obtained by altering the exposure time when the targets were

photographed (see section 5.72).

The circular opaque mark on the central shelf was considered to be the

ground signalized target and the image of this target on an aerial photograph
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equivalent to the pattern obtained on the top shelf after the convolution.
Because of the design of the Umbrascope, it was impossible to produce images
of targets which would be obtained from ground targets with different
background luminance characteristics. The situation reproduced artificially
is that of a white target on a dark background at different exposures. Since
this is similar to the recommended situation described in the previous

section, the treatment in this section may be applied to practical cases.

It must be pointed out that some inaccuracies do exist in the Umbrascope,
as mentioned in section 5.72, These inaccuracies were not important in the
printing of the targets themselves, since each target was accurately measured
on a microdensitometer. They may,however, influence the results in figures
8.1 and 8.2 for the larger targets, and therefore these figures are only an
approximate representation of the relation between ground target size and

target blur.

Figures 8.1 and 8.2 show the grades of blur for targets of 0.3 and 0.6
background density produced in the Umbrascope, with different spread functions
and five ground target sizes. These figures have been derived from
microdensitometer traces of approximately 120 blurred targets. Based on these
figures, the grades of blur for & spread functions have been deduced.
Transferring these grades of the density profile to figure 6.2, with the
appropriate annulus sizes, pointing accuracies have been determined as presented
in Table 8.1.

Annulus sizes are approximately equal to the targets which were used
to produce them, for grades of the density profiles less than 0.1 AD/mrad,
assuming a MM of 1 mrad. For grades of blur greater than 0.3 AD/mrad,
annulus widths equal approximately half the size of targets which were used
to produce them. There is a gradual transition between these two extremes,
the transition being more rapid for the larger targets. Annulus sizes can
be estimated sufficiently accurately to enable the estimation of pointing
accuracies from figure 6.2, keeping in mind the fact that the subjective

width of the annulus will depend on the observer.



-170-

I,;) /
: .

: p

: i

) /

) /

, /.

GRADE OF DENSITY PROFILE ON BLURRED TARGET (AD/mrad)

F16.8.1:

30 25 2.0 1.5 1.0 0.5
20 - WIDTH SPREAD FUNCTION (mrad)

RELATIONSHIP BETWEEN GRADE OF DENSITY PROFILE ON BLURRED
TARGET, AND 2 0-WIDTH OF THE SPREAD FUNCTION USED IN THE
CONVOLUTION, FOR DIFFERENT GROUND TARGET SIZES. BACKGROUND

DENSITY OF TARGET IS 0.3



171-

N N VO

'2 /7
/

AN
N\
\§ \ '
\
\\\\E&\

/

7

/

/

GRADE. OF DENSITY PROFILE AD/mrad

.03

w2l /

ol / /

’ 30 2.5 2.0 () 1.0 0.5
20 WIDTH SPREAD FUNCTION (mrad)

FIG.8.2: RELATIONSHIP BETWEEN GRADE OF DENSITY PROFILE OF BLURRED
TARGET AND THE 20-WIDTH OF THE SPREAD FUNCTION USED IN
THE CONVOLUTION FOR DIFFERENT GROUND TARGET SIZES.
BACKGROUND DENSITY OF TARGET IS 0.6.
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Three factors enter into the determination of pointing accuracy:

(1) The size of the signalized ground target,
(i1) The grade of blur for the different target sizes in (i),
(iii) The width of the annulus.

For large 20-widths of the SF, factor (i) is clearly important in
determining the grade of blur and therefore the pointing accuracy. In
contrast, for small SF's, ground target size has no effect on the grade
blur, and therefore pointing accuracies are determined by annulus size only.
The optimum size of ground target for the three SF's of 3.0, 2.4 and 1.8
mrad is between 2 and 3 times the o-value of SF. This agrees approximately
with Hempenius' rule (1964, 314) mentioned in the previous section.
Adopting an average value of 60 ﬁ (2.4 mrad at 10x magnification) as the
20-width of the SF of a photogrammetric system, the recommended ground
target size is approximately 3.0 mrad or 75 p at the scale of the negative,

assuming a MM of 25 urad.

If the system SF has a 2o0-width less than 1 mrad, adoption of a target
smaller than 1 mrad will not improve pointing results, since accuracies reach
a constant value of approximately 16 urad for annulus widths between 0.25 and
1.0 mrad (figure 1.1). If annulus widths can be decreased to less than
»25 mrad an improvement in accuracies may result provided the targets are
of very high contrast and very sharp. The intention to use annuli smaller
than 250 urad would have to be studied very carefully since pointing
accuracies may decrease rapidly if the ideal conditions are not satisfied

(refer figure 6.8).

For a given ground target size and spread function, pointing
accuracies are dependent on the blur of the target. This varies according
to the background density of the photographed target, and therefore the
exposure and characteristics of photographic emulsion. From the results
in Table 8.1, maximum accuracies are obtained when the targets are photographed
at high contrast., Further work on specific practical problems, however,

must be carried out to confirm this statement.
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8.4 Conclusions.

Though figures 8.1 and 8.2 are only approximate, good agreement
has been obtained between different spread functions and the derived
empirical formula for optimum ground target size, neglecting the effects
of granularity of photography. This formula, for practical

photogrammetry is as follows:-

Optimun target size = photograph scale number times 2.5
times the o-width of the SF of the photogrammetric system.
A minimum target size should be chosen such that annulus
widths are not less than 1 mrad subtended at the eye.
Targets should be photographed at high contrast, for

MaXTMum OCCuUracy.

The above rule has been derived for the particular case of a
theoretically bright target on a black background and a gaussian SF.
Different target configurations and SF's may produce a slightly
different relationship. Since SF's are normally approximately
gaussian, and targets high contrast, the above work gives a reliable

estimate of a rule for optimum ground target size.
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The overall pattern of pointing accuracies to sharp and blurred

The complex pattern for sharp targets with annulus widths less than
1 mrad is due to the blurring effects of the visual system.
Convolutions of approximate SF's for the visual system, which
include effects of inhibition, with the luminance profile of

the target substantiate this finding. Based on these convolutions,

simple criteria used by the visual system for pointing to sharp

Pointing accuracies for blurred targets of low and medium contrast
are dependent primarily on the grade of the density profile of the
target, and secondly on the annulus width, for grades of the
density profile less than 0.3 AD/mrad for 0.8 mrad annulus width,
0.12 AD/mrad for 2.0 mrad annulus width, and 0.06 AD/mrad for

5.0 mrad annulus width. For target density profiles greater

than those values, pointing accuracies equal those for sharp

Stevens' psychophysical law may be related to pointing to blurred
targets, and indicates the significance of target visibility

thresholds in determining pointing accuracies.

9. FINAL CONCLUSIONS.
9.1

targets is very complex.
9.2

targets can be determined.
9.3

targets.
9.4
9.5

Systematic errors can be eliminated using a dove prism in the optical

system of an instrument. This technique allows movement of the
MM from mutually opposite directions, while it appears to the

observer always to move in the same direction. The mean of the
measurements from mutually opposite directions gives a true estimate

of the actual centre of the target.
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Based on the pointing accuracies derived from blurred targets, an
empirical rule prescribing the size of targets for pointing
accuracies is as follows:-

Target size = scale No. of the photograph times 2.5 times

the o-width of the spread function of the photogrammetric

system. Target sizes should be chosen such that the annulus
width ts not smaller than 1 mrad or 25 u at 10x magnification
and should be photographed at high contrast.

This law is related to targets produced artificially and must be

checked when applied to specific photogrammetric problems.
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GLOSSARY OF TERMS.

Convolution. (p.10) (Jemmison, 1961, 6) is "the operation whereby a structure
under observation is smeared or spread out by the response or resolution of an
instrument or mathematical operation.'"  In Optics, convolution is used to
derive the image of an object which is "smeared" by an optical system. In
terms of the above definition, the "structure" is the intensity profile of the

object, while the "instrument' is the optical system.

Inhibition. (p.15) The depression of the response to illumination of a

given receptor by the stimulation of neighbouring receptors.

Landolt C (p.16). The accompanying figure shows the form of the Landolt C.
The width s of the gap is 1/Sth of the overall diameter of the circle

(Ensley, 1955, 63).
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Luminance Profile (p.10). If the pattern of luminance over an object either
reflected or transmitted, e.g. a line, is measured by a light sensing instrument,
the profile resulting is termed a luminance or intensity profile. The
abscissa scale refers to the position on the object, while the ordinate scale,

the intensity readings either in relative or absolute units (see fig. 3.1).

Retinal illuminance (p.10) is defined as L.S. trolands,

where L is the luminance of the stimulus in candelas/sq. m.2(3.1 candelas/

sq.m = 1 mL), and S is the area of the pupil in mmZ. A number of difficulties
arise in the use of retinal illuminances:-

(1) amount of light at the retina is not constant with wavelength;

(ii) area of pupil can vary for different observers;

(iii) light entering the marginal areas of the pupil is less effective
to retinal stimulation than light entering the centre of the
pupil.

This last point is known as the Stiles-Crawford (p.10) effect. The loss in
effective illuminance for a 3 mm diameter pupil is about 5%(Walsh, 1953, 60).
Because of the indefinite nature of the retinal illuminance, no attempt is

made to correct for this difference.

Luminance (p.10). A perfectly reflecting and diffusing surface, normal to
incident light from a source of 1 candela,l centimetre away, has a luminance
of 1 Lambert. Since this unit is usually too large the millilambert (mL)
is used. A perfect reflecting and diffusing surface reflects all light it

receives, and moreover appears equally bright from all directions.

Micro-nystagmus (p.21). The small involuntary movements of the eye
during fixation. They are divided into three (3) types (Davson, 1963, 250):-
(a) Irregular high frequency movements and small excursions over

about 20 sec. of arc.
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{b) Flicks or saccades of several minutes of arc occurring
at irregular intervals of the order of 1 sec.
{c) Between saccades there are slow drifts extending up to

6 mins., of arc.

Spread Function [SF) [(p.10) describes the blurring or spreading of fine
details in an image formed by an optical system It is the resulting
intensity or luminance profile across the image formed by the optical
system, of a very small detail, either a point or a line. The resulting
functions are the line spread function (LSF) and the point spread

function (PSF).
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APPENDIX A.

Statistical Analysis of Pointing Observations.

A.1 Analysis of Variance for Average Error Method.

Observations by the average error method were carried out in 4 or
8 sets of 25, or 10 sets of 10; the majority of targets were observed
in 10 sets of 10 observations to reduce fatigue. For each set i
with N.1 observations, E} is the sample mean, being an estimate of the
population mean Ei’ and the variance S%l is an estimate of the population
variance o2, Within each group, observations are assumed to be normally
distributed, based on findings of psychophysical tests, and also tests

in Appendix B.

Firstly, an analysis of variance is necessary to investigate whether
S%l (i =1, K) are estimates of the same population variance. Because
the population variance is unknown, the analysis will test whether Sil
(1 =1, K) are all estimates of the same variance S%, which itself is
an estimate of the population variance o?. Secoﬁdly, a further analysis
is necessary to test the hypothesis that the individual population means
of each set Eps wnnns g, are equal, and are iepresented by the same sample
mean Xx. This test renders a further estimate of o2, Sg, which can be

tested against S%F

*

A.11 Tests of Variance.

Hald (1962, 291) quotes the formulae attributed to Bartlett, in

which a set of estimates of variance S?l, Sgl ﬂaoasia with degrees of
freedom f], fz’ fi’ may be tested as to whether they are estimates of
the same variance o?. The following function E has approximately

a y2-distribution with K-1 degrees of freedom:-
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_ 2,3026 2 _
E = — (f log S1

n ™=
H
—
(®]
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i=1

where S% is the pooled variance estimate of o? derived from

K
g f, 82
=1 1 11
2 - -1
s? = e (A2)
r f.
. 1
1=1
K
£ = £ L (A3)
i=1
K i
1 l 1 1]
d € = 1+ =0 | T Z - Z{  iieeeies A4
an + 3K-1) |i=1 fi f! (Ad)

(The approximation is poor for fi;zo)

In the case of the investigations in this study, fi was generally
either 7 or 9, For observations in which fi = fo = constant, the

formula becomes

K
. 2,3026 2 _ 1 >
E = — K fo (log S1 % ‘Z log Si1) ccccccc (A5)
i=)
3 K+ 1
where ¢ = 1 + TT R cescaonco  (AB)
o)
For 8 sets of 25 observations
K
E = 435.30 (log 2 - ¢ I log 52 )
L 1= 1
For 10 sets of 10 observations
K
- 2 _ 1 2
E 199.12 (log S] 1 i log Sil)
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The pooled S% may be computed from formula (A2), and tested as
outlined in formula (AS5). Provided the test is not significant, S%
maybe considered as an estimate of the population variance o2.
x2-distribution values were computed for the observations carried out
in this study, for the upper and lower 5% significance levels as shown
in Appendix B. Hald (1962, 292) recommends that the lower significance
level tests whether the variances fit '"too well." Such a result may
mean that ihe individual variances are not statistically independent or

some observations may perhaps have been incorrectly discarded.

A further check may be carried out on the individual variances by

. f. 82
. . : il .
computing individual estimates of y2, i.e. x2 = —i—gl;-whlch has £,

1
degrees of freedom, If fi is large compared with fo, the estimated

value of x'? is approximately equal to x? as computed previously. x'2
should be within the lower and upper significance levels. On occasions

when variances have been eliminated in Appendix B, they have been marked

with an asterisk.

A.12 Tests of Means.

The sample means of each set of observations Ei must be tested
whether they are estimates of the same population mean £. Though this
test is not necessary if only a variance or standard deviation is required,
the means were tested in this study, for purposes of investigating the
systematic error. This test can be carried out by a further analysis of

variance.
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Two estimates of the population variance can be made from the
observations. The first is Si as given in formula (A2), known as

the variation within sets of observations and is independent of sample

means}? -X_ oo X
) i

The second may be computed from

K
v - 12
iE] Ni (xi x)
2 = r——— (A7)
K -1
where Ei is the mean of Ni observations in set i
and X is the total mean of observations in K sets of Ni observations.
This formula tests whether the hypothesis that E =& =¢&g =¢ is

2 3 1

true, and consequently that S; is an estimate of the population variance o2,
This is termed the between the sets estimate and computes the variation of

the sample means against the total mean. To test the hypothesis that
) S 2
S% and S% are both estimates of the same variance o2, the ratio —2

st
must follow the v?-distribution or Fisher distribution with

K
(k -1, % Ni - K) degrees of freedom.

1 — = 2
e Plx-1), N,-K)

™ =

i

The v2-distribution values at the 5% significant level are shown in the

results.

A further check on the individual means may be made by the t-test:-

X. = X
1

5//1?;

must follow a t-distribution with Ni - 1 degrees of freedom.
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Summary of test as outlined by Hald are:-

Variations Sum of Squares Degrees of Freedom s? Test
K SZ
2 2 2 o _2
Between sets r N (xl—x) K-1 S v o= —
i=1 ‘ g2
1
kK N K
Within sets T I (x. -x.)2} I N,-K s2
. 1v . i ]
1=1 v=1 1=1
k N K
Total T T (x. -x)2  N.-1 52
. iv . i o)
i=1 y=1 1=

Provided v? is not significant, a péoled estimate of variance may
be computed from the formula for Sg as shown in the above table. In
the tests in this study Sg has been accepted as the estimate of population
variance o provided v? is not significant, while S7 has been taken if

v? is significant.

A.13 Confidence Limits of o2.

The confidence limits of o2 are:-

where S? is the estimate of the population variance o2, either S% or Sga
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A.2 Regression Analysis.

A straight line regression analysis was computed for two purposes in

this study.

{1) The computation of a best fit line from the constant stimulus
observations as outlined in section 4.45, The observed
frequencies were transformed into equivalent ordinates on the
standard cumulative normal curve, and regression was computed
for the transformed frequencies against the MM position.

(i1 The location of a best-fit line between the standard deviations
determined by the average error method and the grade of the
blur on the blurred targets. Since the curve was linear
on a log-log scales, logarithms of both the standard
deviations and the grade of blur were used in the regression
computation.

A.21 Formulation of Least Square Regression Analysis.

The general form of the straight line is:-
y = ax + b
where v refers to transformed @bsefved frequencies, case (i) above; and
logarithm of standard deviations of pointing, case (ii) above;
and x refers to MM position, case (i); while it refers to logarithm of
grade in density, case (ii).
There are only two unknowns, so if more than two points are known

along the line, a least square technique must be used to compute a, b.
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Since the values of y in each case have different standard deviations,
relative weights may be assigned to individual values.

In case (i) the Urban-Miiller weights are used as specified in section
4,45, For case (ii) suitable weights may be chosen for the standard
deviations So’ in terms of their reliabilities or variances.

The distribution of a standard deviation derived from the variance
of normally distributed observations is approximately normal with mean of o
(population standard deviation) and variance 2%3- for large f (Hald,
1962, 300}, No correlation is assumed between the values of SO because
each target was observed completely independently of the others.

The variance-covariance matrix for the observed SO of i targets

is therefore

i =
g, -
g
G = 22
n §ii]
282
10
where g < —
L,(So

and sg is a convenient constant and f is the number of degrees of freedom.

", Matrix of weights = W = G
General equation for solution is
v, T ax; + b - Y (i =1.....K) cocosao- [A9)

where vy is the discrepancy between the observed value of y and the

computed regression line.
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In matrix notation

v = Ax - £ se s (A10)

Normal equations are Nx = F veuseeas  (Al1L)
wheére N = A'WA

F = A'Wf

Solution is x = N * F caas e (A12)
giving a, b parameters, vy values may then be solved.

Variance-covariance matrix of the unknown parameters is therefore

Q = N ' Ceeee.. (A13)

The standard error of unit weight, o, = X3

which is equivalent to

K (y;=y)?
LWy Kfa—- where Y3 is the observed value with weight W,
i=1

y is the corresponding point on the regression line, and K is the
number of points. (Hald, 1962)

A.22  Confidence Interval of Regression Line.

By the Law of Combinatioﬁ of Variances

ny - x2 Qaa . be . 2Qab N
and 02 = Q7Y cg, giving the standard deviation of y along the regression
line. The 99% confidence limits of the regression line can be determined

as * from the computed regression lines, where t refers to

t(00995, £) %y
the t-distribution. Based on the confidence limits, the observed points
plotted graphically can be compared with the computed regression line. In

general plotted points in figure 6.2 agreed with the 99% confidence limits of

the regression line.
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Separate computer programmes were written for the two cases where
linear regression was necessary, but each programme contained the same
nucleus for the formation and solution of the normal equations.

A.3 Tests of Goodness - of - Fit,

It was stated in Chapter 4 that observations in psychophysical tasks
similar to those carried out in this study, follow a normal distribution.
Several pilot tests were carried out to check the normality of observations

determined by the average error method. The test is that:-

”~

K (a. - 6.)2
i will approximate to a x2Z distribution of K-c-1 degrees

1=1 3]
of freedom,
where ¢ 1s the number of linear constants.

a; is the observed frequencies in a given interval,

§ are the theoretical frequencies computed from the theoretical
normal curve over that interval,
K is the number of intervals.
The above statement is true, provided the theoretical computed
frequencies 6 : 5. {Hald, 1962, 742)
A similar test can be carried out for the goodness -of-fit of the

constant stimulus observations as
K . - ph)?
, (p; - Pj)

] 1
i=: P; 9

= y2.distribution with K-2 degrees of freedonm,

Z
i ™



where K

Ll
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number of setting positions,

observed frequency,

computed frequency,

1- pi,

number of observations on each MM position in the

constant stimulus observations.

A check on normality of observations by the average error method

and goodness-of-fit tests computed for the constant stimulus methods

may be found in Appendix B.
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" "APPENDIX  B.

.........

The results have been presented with the entry number as the
target number given in the body of the study. For observations
by JCT, the entry number is either, for instance, 6 or 6a while
for observations by AHC, the entry number is either, for instance,
3b or 3c. The number of observations taken on each target have
been indicated. Where sets of 25 and 10 observations have been
taken on the same target, the two variances obtained have been tested
against each other, Statistical methods for testing each group of
observations on each target, are according to those in Appendix A.
Unless otherwise stated the direction of approach of the MM is from

the left hand side.
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Target No, 1 Observer: JCT.
No. of Observations - 10 x 10
Annulus Width - 0.5 mrad
Obser. Dist, - 10 m.
Microm. Read s?
(mm) (urad?)
11.08 221.67
11.04 337.70
11.04 280.84
11.01 293.27
11.02 257,09
11.06 226.23
11.09 268.78
11.05 115.14
11.01 115.14
11.01 452.76
11.12 476.58
Mean 11.05 293.01
E = 6.2
X2 = 19.0 X2 L= 2.7
(-975,9) (-025,9)
Variance f Test
$2 = 131.11 9 52
=2 = 0.5
2
$? = 293.01 90 | Si
2
v = 2.2
(o 975,9,90) >
S2 = 278.3 S, = 16.7 urad
0 0
Syst. Error = u'shoot 75 urad
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Target No. 1b ’ Observer: AHC

No. of Observations - 10 x 10
Annulus Width - 0.5 mrad

Obser. Dist. - 10 m.
Microm. Read g2
(1m) (urad?)
9,30 415.6
9.26 254.,0
9.34 237.3
9,25 349.4
9.21 153.0
9.27 213.8
9.23 404.0.
9.32 202.4
9.28 236.0
9,29 192.0
Mean 9.28 265.8
E = 4.4
2 - 2 -
X(DQTS’Q) = 19.0 X(,OQS,Q) = 2.70
Variance f Test
2 . 2
S2 = 161.0 9 E£ = 0.6
2
S? = 265.8 90 5
2 -
Y70 .975,9,90) = 22>
S2 = 256.24 S, © 16.0 urad

Syst. Error = u'shoot 44 yurad
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Target No, 18.

No.

Observer:

JCT.

of Observations - 5 x 10 in each direction

Annulus Width - 1.7 mrad

Obser. Dist. -

10 m,

Microm. Read §2
(mm) (urad?)
-+ MM direction
13.81 920.8
13,67 384.2
13.62 1751.4
13.54 589.7
13.62 776 .4
Mean 13.65
< MM direction
12.62 669.4
12.83 1177.1
12.60 925.1
12.61 807.9
12.71 1599.0
Mean 960.10
E = 7.
2 = 19, X2 = 2.7
Xgongrs,q) 9:0 (0.025,9) '
-~ MM direction <~ MM direction
Variance f Test Variance f Test
$2=997.5 4 |82 $2=955.0 4 |s2
2 2 = 1.0 2 2 =1,0
s2 s2
$?=960.1 | 90 1 Sf=960c1 90 1
‘ 2 - i 2 -
0(00975,u,9o) 2.94 v(o.9;5,u,9o) 2.94

s% = $60.10

Syst. Error

Syst. Error <«

Mean

51 = 31.1 urad

288 urad
140 urad

ufshoot
o'shoot
214 yrad

left of centre
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Target No. 18a Observer: JCT
No. of Observations - 4 x 25 in each direction
Annulus Width - 1.7 mrad
Obser., Dist. - 10 m.
Microm.Read s?
(mm) (urad?)
+MM direction
13.71 595.4
13.66 1183.4
13.39 1317.7
13.52 g 660.5
Mean 13.57
+« MM direction
12.51 449.4
12.66 835.2
12.52 729.0
12.55 1156.0
Mean 12.57 865.8
E = 11.5
2 =16. X2 =1.
X(oo975,7) 0 (0.025,7) 1.69
-~ MM direction < MM direction
Variance f Test Variance f Test
$?=4,950 3 |s2 52=3,387 | 3| s?
2 2 = 5.7% 2 = = 3.9%
5 .
s2-865.8 192 [ST - $2=865.8 |192 5
2 -
U(ofq;%,ﬁ,,qz)z's
$? = 865.8 S, = 29.5 urad

Syst, Error Not Estimated due to

Failure of Tests,.

Test of targets 18, 18a for Variances %%g%%-using Fisher
Test .90, 192 degrees of freedom - acceptable

Combined Variance S% = 895.9
Sl = 30.0 urad
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Target No. 18b. Observer: AHC.

No. of Observations - 4 x 25 in each direction
Annulus Width - 2.4 mrad
Obser. Dist. - 10 m,

Microm. Read q?2

(mm ) (urad?)
-+ MM direction
15.18 492.8
14.45 428.5
14.71 691.7
14.77 734.4

Mean 14.78

~ MM direction

15.10 1056.3
14,74 1288.8
14.88 516.8
15.16 841.0
Mean 14.97 756.7
E o= 12.3
) . 2 -
Xfo o, 71600 X2, L . <1.69
+ MM direction -~ MM direction
Variance £ " Tect Variance £ Test
S1-22,734 | 3 | S2 S2 = 10,259 3 | <2
A 57 300~ g%ﬂt 135+
Sr=756.7 92
7);}: =%
M o] (:2 o } ad N
S* = 7567 S = 27.5 yyad

Syst. Ervor not Estimated due to failure of Tests.
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Target No. 22 Observer: JCT
No. of Observations - 10 x 10
Annulus Width - 0.8 mrad
Obser. Dist. - 10 m.
Microm., Read S?
(mm) (prad?)
11.33 358.3
11.32 482.0
11.30 560.0
11.34 344.4
11.39 811.0
11.28 484.0
11.31 590.4
11.42 858.8
11.52 261.3
11.25 825.7
Mean 11.35 557.6
E = 6.1
2 = 2 -
x(nfgjz,g)'19°0 X(O”qrs’g)-207
Variance f Test
S2 = 630.0 9 s2
2 2
; gg = 1.1
S = 557.6 90 1
2 =
U(ocgis,q,qe) 2.25
s’ = 557.6 S = 23.8 urad
0 0
Syst. Error =  o'shoot 40 prad
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Target No. 22b Observer: AHC
No. of Observations - 10 x 10
Annulus Width - 1.0 mrad
Obser. Dist. - 10 m.
Microm. Read §2
(mm) (urad?)
17.07 501.6
17.04 617.5
17.02 933.7
17.20 433,2
17.00 930.3
17.03 744.5
17.16 368.6
17.23 129.0*
17.21 480.0
17.10 967.8
17.02 735.6
Mean 17.09 674.5
E = 4.60
2 = 2 -
X(o 975,9) 19.0 (0.025,9) 2.7
Variance £ Test
2 = 2
82 = 621.1 9 52
——2—=0,9
S2 = 674.5 90 5
2 _
v = 2.2
(.975,9,90) 2.25
2 - _
SO = 669.6 SO = 25.9 urad
Syst. Exrror = o'shoot 40 urad
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B.2 Tests of Normality of Observations, Average Error Method.

A number of tests were carried out to check the normality of the

observations taken in these investigations., The observations were divided

-~

into 10 - 15 equal intervals. Theoretical frequencies 6 over this
interval were then compared with the observed frequencies a . The
VA

K a. - 6,
i

hypothesis tested was that I __—3—“} was distributed as a y?2
=

1
distribution.

In the six (6) randomly chosen cases in these experiments, the
hypothesis proved to be true. Based on this evidence, and also
previous experience in psychophysics, there seems to be no reason to doubt

the normality of the observations.

Three of these tests have been presented in the following.
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Target No. 2. - Mean 10.94 mm - SV 13.9 urad
Class Interval =
Microm.Reading Frequency Calcul.Freq. Diff.
at a; ei (ai—ei)
Class Midpoint

> 11.27 0 0.8
11.24 114 1.415.0 1.0
11.19 3 2.8
11.14 4 5.1 1.1
11.09 14 8.0 6.0
11,04 9 11.0 2.1
10.99 13 13.4 0.4
10.94 13 14.3 1.3
10. 89 11 13.4 2.4
10.84 15 11.1 3.9
10.79 7 8.0 1.0
10.74 6 5.1 0.9
10.69 1 2.8)
10.64 2 1.4 1.6
10.59 1 4 0.6 >-6

< 10.56 ol 0.8)

0,05 mm Obs,.

=X2

(10,0.75)

Normal

JCT .

i.e.0bservations
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2. Target No. 1b - Mean = 9.28 SO = 16.0 urad

Class Interval = 0.5 mm Obs. AHC

Microm. Reading | Frequency Calcul.Freq. Diff,
at a; 6. (ai-ei)
Class Midpoint 1

> 9.605 0 2.0
9.58 41 9 2.117.8 1.2
9.53 5 3.7
9.48 12 5.7 6.3
9.43 4 8.0 4.0
9.38 8 10.3 2.3 K (a.-8.)2

2L =146
9.33 10 11.9 1.9 . 8. ’
1=1 1
9.28 7 12.5 5.5 =x2
“fa 8

9.23 12 11.9 0.1 (10,0.8)
9.18 11 10.3 0.7 i.e. Observations
9.13 12 8.0 4.0 Normal
9 08 6 5.7 0.3
9.03 6 3.7
8.98 31 9 2.117.8 1.2

< 8.955 0 2.0
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3.  Blurred Target No. 22 - Mean = 11,35 So = 23.8 urac
Class Interval = 0.5 mm Obs. JCT.
Microm. Reading Frequency Calcul.Freq. Diff.
at a; 6. (ai-él)
Class Midpoint
> 11,755 5 5.3 0.3
11.73 2 7 2.4 5.5 115
11.68 5 3.1
11.63 2 4.2 2.2
11.58 7 5.3 1.7
11.53 6 6.3 0.3
11.48 6 7.2 1.2 z(a,-6.)
— L 1 161
11.43 8 7.9 0,1 ei )
11.38 11 8.3 2.7 )
11.33 8 8.3 0.3 = X15,0.6)
11.2 4 7.9 3.9
11.23 8 7.2 0.8 i.e. Observations
Normal
11.18 10 6.3 3.7
11.13 2 5.3 3.3
11.08 5 4.2 0.8
11.03 5] 3.1
10.98 4 9 2.4 5.5 5.5
< 10.95 2 5.3 3.3
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B.3  Sample Results of Observations by Constant Stimulus Method.

|

Entry No. 40. Target No. 1 (0.5 mrad, sharp) <i:> Obs. JCT.

|

No. of Observations per setting 80

Micrometer Setting Observed frequency Weight
(m))
20.00 0.975 0.1504
20.40 0.750 0.8460
20.80 0.563 0.9911
21.20 0.238 0.8277
21.60 0.025 0.1504
PSE = 20,82 mm ; ¢ = 0.04 mm.
DL = 49 urad 5 o = 6 urad

Standard Deviation of PSE according to Culler's
Modified Formula = (.04 mm
Edge Subjectivity Located 1.12 mm or 112 prad left of true edge position.

Entry No. 41. Target No. 1 (0.5 mrad, sharp) (::>| Obs. JCT
No. of Observations per setting 80
Micrometer Setting Observed frequency Weight
(mm)
17.70 0.838 0.6971
18.10 0.450 0.9943
18.50 0.100 0.5376
18.90 0.025 0.1504
19.30 0.013 0.1315
PSE = 18.06 mm ; o = 0,06 mm
DL = 43 urad 5 o = 5 yurad

Standard Deviation of PSE according to Culler's

Modified Formula = (,05 mm.

Edge Subjectivity Located 98 prad to right of true edge position

Summary of Entries 40 and 41.

112 urad "‘41::>;/98 urad Since o of each location is 5 yrad,
l difference is insignificant

l
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Entry No. 42, Target No. 1 (0.5 mrad - sharp) (MM centered) Obs,

No. of Observations per setting 80

Micrometer Setting Observed frequency Weight
(mm)
10.03 0.95 0.3519
10.19 0.60 0.9768
10.35 0.288 0.8801
10.51 0.075 0.4535
10.67 0.035 0.2892
PSE = 10.26 mm ; c = ,02 mm
DL = 18.9 urad ; g = 2 urad
Standard Deviation of PSE according to Culler's
Modified Formula = .02 mm
System.Error = 0,
Entry No., 43. Target No. 32 (MM centered) Obs.

No. of Observations per setting 100

Micrometer Setting Observed frequency Weight
(mm)
10.20 0.94 0.3954
10.60 0.70 0.9043
11.00 0.30 0.9043
11.40 0.10 0.5376
11.80 0.03 0.2499
PSE = 10.83 mm o = 0.03 mm
DL = 45.0 urad ; c = 0.03 prad

Standard Deviation of PSE according to Culler's
Modified Formula = 0.04 mm

System.Error = 100 uyrad to right of centre

JCT

JCT
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B.4  Sample Tests of Normality - Constant Stimulus Method Observations.

Entry No. 40,

Observed freq.

Computed freq.

P p' P -p
0.975 0.952 0.023
0.750 0.803 0.053
0.563 0.516 0.047
0.236 0.220 0.018
0.025 0.056 0.031

Entry No. 42.
Observed freq. Computed freq.

P P’ p-p'
0.950 0.890 0.06
0.600 0.698 0.048
0.288 0.319\ 0.031
0.075 o 0.094} - .
0.038 0.056 0.01520.055 0.001

Entry No. 43.
Observed freq. Computed freq.

P p' P-p'
0.980 0.966 0.014
0.810 0.8c7 0.057
0.720 0.653 0.067
0.380 0.373 0.007
0.130 0.141 0.011

NZ E‘E'
(p'q') = 7.6
- y2
- X(s,o.gs)
‘. Observations normal

NZ(p-p") - 5.5
p!ql °
Loy2
(3,0.60)

)
X(3,0.060)
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Constant Stimulus observations by JCT and AHC have been
plotted on normal probability paper, together with the
computed regression lines. The PSE is located at
the 0.50 probability level, while the DL is measured
from the PSE to the 0.16 or 0.84 levels. The
standard deviation determined by the average error
method has been superimposed onto the graphs, measured
from the PSE, Since different settings were used
for AHC and JCT, the abscissa scale has been marked

separately for each observer.
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TARGET No. 14

98
—O0— JcCT
95 [0 A — Anc
90
% bL
| =5
.80 AN
N Av. EFr
70 Method JCT
Av.Err.
60 Methoﬂ\m
50 AHC < PSE
. Av. Err.
40 \\\ Mgthod AHC
30 Av_Err N
Method N
JCT P
.20 \
oL ) o
\e A
10 \
.05 \
.02
.01
7.0 7.50 8.00 8.50 9.00 9.50 AHC 0.
I i
MICROMETER READING [(mm)
| |
6.50 7.00 1.50 8.00 8.50 9.00 JCT 9.50
FIG. B1* CONSTANT STIMULUS METHOD OBSERVATIONS
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A
'\ —o0 JCT
95 le — —A— — AHC
90 \
\ N
X N\
DL
80 " N
\
Av. Err A
.70 —— Method
: JeT \ 0 AV.Err
.60 Method AHC
\ AN 1
50 2\ N PSE
' \\\ \\\ |
AV.Err.
40 \ B Method AHC
.30 O\
Av. Err: A
Method JCT\
e0 \
% a9+ DL
\ ap
\
10 \C
. AN
o o)
.02 \
.0t
12,00 12.50 I3.|00 I3.I 50 14.00 14.50 AHC
[} . .
MICROMETER lREADlNG I( mm)
10.00 10.40 10.80 11.20 11.60 {200 JCT

FIG.B2: CONSTANT STIMULUS METHOD OBSERVATIONS

TARGET No. 32.
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.98 T
A
—_— O JCT
.90 N\
N
—— DL
.80
Av. Err. \
Method Av. Err.
Tr—ycT %Method AHC
60 N\ \\
AN <
.50 T PSE
NN\
40 \
\\ N
30 x BAv.Err ]
— Method —
Av.Err.
20 Method N AHC
erT \—A}— DL
AN
A o)
0 | \ M
.05 - \
.02
.01
5.00 5.20 5.14 5|.60 5.l80 6.00 AHC 6.20
MICROMETER READIP\IIG(mm)
l
4.40 4.60 4 .80 5.00 5.20 540 g1 5.60

FIG.B3: CONSTANT STIMULUS METHOD OBSERVATIONS
TARGET No. 21.
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TARGET

No. 25.

.98
\ S T
95 —A—cr\ Je
\ \ — —A—— AHC
.90 ‘\ \O
= DL
80 N\ H. Av. Err,
N Method JCT
S\
10 _AV. Err. ‘\ \
I Method \ \
.60 AHC
\\‘\
50 i\ PSE
40 x
AN
.30 Av. Err.
Method
\AHC
.20 Av. Err. \
Method — DL
JCT
’ A\
' AN
C\ \
.05 A ‘\
\ ¢
02 \ \
0| \ \\
6.40 6.60 6.80 7.|00 7.'20 740 AHC
MICROMETER READING (mm)
| | |
5.80 6.00 6.20 6.40 6.60 6.80 JCT
FIG. B4: CONSTANT STIMULUS METHOD OBSERVATIONS
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—0—— JcCT
95 — —A—— AHC
A
\
\ I DL
Av. Err.
80 FAVEPMNT T Method AHC
Method
JCT
A\
\\‘\
60
NN
\\‘A
.50 NS PSE
A\
30 \‘R‘
20 \ AvV.Err
: AV Err Method AAC
Method DL
JCT
10 \
\
.05 \\‘
.02 \ \
0l
9.20 9.40 9.60 9.80 10.00 AHC
] | |
MICROMETER READING (mm)
| | |
9.05 9.15 9.25 9.35 9.45 9556 JCT 965

FIG. B5: CONSTANT STIMULUS METHOD OBSERVATIONS

TARGET No. 26.
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APPENDIX C.

Microdensitometer Traces of Blurred Targets.

Sample smoothed microdensitometer traces of blurred targets
observed in investigations. Location of the edges
determined by JCT (and AHC when observed) are shown on

the traces. The position of scratches used as

reference marks on the targets are also shown.
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APPENDIX D.

Profiles of Annuli derived by Convolution.

Luminance profiles determined by the PSF method (see Ch.3) using
five PSF's, together with corresponding luminance profiles before
convolution. The units for height of the profiles after
convolution are arbitrary, but have been drawn to a consistent

scale on each page. In the luminance profiles before convolution,

the heights have been decreased for reasons of space.

The method of weighting the influence of MM for low and medium contrast

targets is as follows.

The Density (D) of a material is given by the formula -

D = log,

where IO is the incident intensity, and

I is the transmitted intensity.
If D = 0.3, incident intensity is twice transmitted intensity,
i.e., background intensity will be 18.5 mL, if the incident luminance is

37 mL. Similar computations can be carried out for the densities of 0.9

and 1.2.

In the convolution of these profiles, the influence of the section below
the background level, i.e. MM, must be weighted against the annulus

profile above background. For instance, the annulus and measuring
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mark profiles were given equal weight for the density of 0.3, because
the luminance intensities above and below background are equal. For
the densities of 0.9 and 1.2, weighting was 7.15 to 1 and 14.9 to 1

respectively, for annulus and MM influences.
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GAUSS PSF 0 =200 nurad
MM 5 1mrad
HIGH CONTRAST

N

T TamL (@) Target diameter 5.2 mrad
MM

Annulus = 50 lWrad

OmL

(b) Target 5.7 mrad
Annulus 300 lLrad

N,
T

14mL
MM
— —
OmL
(¢) Annulus 900 prad
Target 6.5 mrad
14mL
MM
9m OmL
—3§

FIG. D1
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GAUSS PSF 0=200 urad

MM  0.645 mrad
HIGH CONTRAST

/\/\ (a) Target 655mrad

Annulus 50 rad

14 mL
MM

OmL
(b) Target 1.245mrad
Annulus 300irad
14mL
MM
OmL

(¢) Target 2.445mrad
Annulus 900 Urad

14mL

MM

OmL
FIG. D2
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GAUSS PSF (0°=200 prad
MM 0.99 mrad
HIGH CONTRAST

/\_/\ (d) Annulus 50 prad

Target 1.09mrad

OmL
-
(b)Annulus 250 Wrad
- Target 149 mrad
14mL
MM
OmL

(c)Annulus 900 prad
Target 2.79mrad

MM

FIG. D3
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GAUSS PSF 0= 200 prad

MM 0.99 mrad
MEDIUM CONTRAST

(a) Annulus 6urad
Target 1.002mrad
D=12

Background
. 2.33mL

Oml

(c) Annulus 63 arad
Target 1.116 mrad
D=1.2

| | Backgound
o miL

OmL

(b) Annulus 33 urad
Target 1.056 mrad

D =12
WKQF
37mL
3L
“OmLC

(d) Annulus 6rad
Target 1.002mrad
D=0.9

"

4.65mL
TmL

U,

(e) Annulus 63arad
Target 1.056 mrad

D=0.9

37mL

|

mi

omC ™

AT

FIG. D4
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GAUSS PSF g = 200 prad
MM 099 mrad
LOW CONTRAST

(a) Annulus = 33 urad (b) Annulus =100 prad
Target =1.056 mrad Target = 1.19 mrad
AD=0.3 AD =0.3

P et O

%

(b)

FIiG. D5
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GAUSS PSF 0=150 prad
MM 0.99 mrad
HIGH CONTRAST

_/\J,/\_ (@) Annulus 50 urad
Target 1.09 rad
T T T amL
MM
OmL
(b)Annulus 250y rad
Target 1.49mrad
—-T4mL
MM
OmL
(c)Annulus 900 rad
Target 2.79 mrad
=TT 14mL
MM
OmL

FIG. D6
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GAUSS PSF 0=250 prad
MM 0.995 mrad
HIGH CONTRAST

4

ﬁ-
— o~
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' APPENDIX E.

Visual and Occular Characteristics of Eyes of Observers JCT and AHC.

JCT:

AHC:

Unaided Visual Acuity

Near phorias

Distance phorias:
Horizontal
Vertical

Stereoscopic Acuity

Abduction

Adduction

Pupillary Distance

Unaided Visual Acuity

Near phorias:
Horizontal
Vertical

Distance phorias:
Horizontal
Vertical

Stereoscopic Acuity

Abduction

Adduction

Pupillary Distance

6/4.5 both eyes
ORTHO

2 EXO

ORTHO

better than 40 secs. of arc.

slightly low especially at break point
Normal

62.5 mm

5/4.5 both eyes

1 ESO

1

>3 left HYPER

5 ESO

s left HYPER

400 secs. of arc

low especially recovery point at distance
Normal

64 mm
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